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Large air-water projections above the hydraulic jump looking downstream towards the jump toe and air-
water projections immediately above and behind the impingement point - Flow direction from foreground to 
background. Note the air-water structures projected more than 5d1 above the upstream water surface - 
d1=0.0395 m, Fr1=5.1, Re =1.3×105 - Shutter: 1/180 s at f/2.5, ISO 100 
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Abstract 
The transition from supercritical to subcritical open channel flow is characterised by a strong dissipative 
mechanism called a hydraulic jump. A hydraulic jump is extremely turbulent and is associated with the 
development of large-scale turbulence, surface waves and spray, energy dissipation and air entrainment. The 
jump is a region of rapidly-varied flow and the large-scale turbulence region is usually called the "roller". In 
the present study, some new experiments were conducted in hydraulic jumps with inflow Froude numbers 
between 2.4 and 5.1. A number of experimental techniques were used. Some dynamic free surface 
measurements were performed with acoustic displacement meters to record the mean and turbulent surface 
profiles, characteristic frequencies and integral length and time scales. The two-phase flow measurements 
were conducted with a dual-tip conductivity probe. Further some measurements of free surface fluctuations 
and two-phase properties were conducted simultaneously. 
The free surface fluctuations were investigated for inflow Froude numbers between 2.4 and 5.1. The shape of 
the time-averaged free surface profiles was well defined and the longitudinal profiles were in agreement with 
visual and photographical observations, as well as previous studies. The turbulent fluctuation profiles 
exhibited a peak of maximum intensity in the first half of the hydraulic jump roller. The amplitude of this 
peak increased with increasing Froude number. The free surface fluctuations exhibited some characteristic 
frequencies typically below 3 Hz. Some simultaneous free-surface measurements at a series of two closely 
located points yielded the free surface length and time scales of free-surface fluctuations. The maximum 
cross-correlation coefficient between the free surface fluctuations at two different locations decreased 
exponentially with increasing distance between the sensors, while the integral length and time scales 
increased with increasing longitudinal distances from the jump toe. The simultaneous measurements of 
instantaneous void fraction and free surface fluctuations exhibited distinct features in the different regions of 
the roller: a positive correlation in the shear layer region, and a negative correlation in the free surface 
region. The acoustic displacement meters yielded a time-averaged free-surface elevation that corresponded to 
the upper free-surface where the void fraction increased rapidly from 0.20 to 0.90, and the quantitative 
values were close to the equivalent clear-water depth. 
The air-water flow properties were investigated for Fr1 = 3.1 to 5.1. The vertical profiles of void fraction 
showed two characteristic regions: the shear layer region in the lower part of the flow and an upper free-
surface region above. The air-water shear layer region was characterised by local maxima in terms of void 
fraction and bubble count rate denoted Cmax and Fmax respectively. Other air-water flow characteristics were 
documented including the distributions of interfacial velocity, turbulence intensity and integral turbulent 
time scales. Both the turbulence levels and the air-water turbulent integral time scales exhibited an increase 
with increasing distance to the bed. The probability distribution functions (PDF) of bubble chord time 
showed that the bubble chord times exhibited a broad spectrum, with a majority of bubble chord times 
between 0.5 and 2 ms. An analysis of the longitudinal air-water structure highlighted a significant proportion 
of bubbles travelling within a cluster structure. 
For a Froude number Fr1 = 5.1, the present results were compared with earlier data obtained with the same 
Froude number but smaller Reynolds numbers. The comparative analysis encompassed 25,000 < Re < 
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1.25×105. The results showed that the Froude similitude was not satisfied in a hydraulic jump for Fr1 = 5.1 
within the range of Reynolds numbers. The void fraction data obtained with Re < 40,000 could not be scaled 
up to larger Reynolds numbers. The bubble count rate data, turbulence properties and bubble chord data 
exhibited some monotonic trends with increasing Reynolds numbers implying that the results could not be 
extrapolated to large-size prototype structures without significant scale effects. 
 
Keywords: Hydraulic jumps, Free-surface fluctuations, Turbulence, Air bubble entrainment, Air-water flow 
properties, Signal processing, Physical modelling, Scale effects. 
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List of symbols 
The following symbols are used in this report: 
a dimensionless parameter; 
B channel width (m); 
C void fraction defined as the volume of air per unit volume of air and water; 
Cinst instantaneous void fraction; 
CFmax void fraction where F = Fmax; 
CF2 void fraction where F = F2; 
Cmax local maximum void fraction in the developing shear layer; 
Cmean depth averaged void fraction: 
 ∫= 90
y
0
mean dyCC  
Cy* void fraction where y = y*; 
Dt air bubble diffusivity (m2/s) in the air-water shear layer; 
D# dimensionless air bubble diffusivity: D# = Dt/(V1d1); 
d 1- water depth (m); 
 2- equivalent clear water depth (m): 
 ∫ −= 90
y
0
dy)C1(d  
dab air bubble size (m); 
d1 flow depth (m) measured immediately upstream of the hydraulic jump; 
F bubble count rate (Hz) defined as the number of bubbles impacting the probe sensor per second; 
Ffs characteristic frequency (Hz) of the free-surface fluctuations; 
Fmax maximum bubble count rate (Hz) in the air-water shear layer; 
F2 secondary peak in bubble count rate (Hz); 
Fr Froude number: dg/VFr = ; 
Fr1 upstream Froude number: 111 dg/VFr = ; 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane (Australia); 
h sluice gate opening (m); 
Lr hydraulic jump roller length (m); 
Lscale geometric scaling ratio defined as the ratio of prototype to model dimensions; 
Lxx' free surface integral length scale (m) in the longitudinal direction; 
Lxz free surface integral length scale (m) in the transverse direction; 
Mo Morton number: )/(gMo 34 σρμ= ; 
Nab number of bubbles per data sample; 
Nc bubble cluster rate (Hz) defined as the number of bubble clusters detected by the probe sensor 
vii 
per second; 
Q water discharge (m3/s); 
Re Reynolds number: μρ= /dVRe 11 ; 
Rxx,tip normalised auto-correlation function of the conductivity probe leading tip signal output; 
Rxx',tip normalised cross-correlation function between the signal outputs of the two tips of the 
conductivity probe; 
(Rxx',tip)max maximum normalised cross-correlation coefficient between the signal outputs of the two tips of 
the conductivity probe; 
Rxx' normalised cross-correlation function between the acoustic sensors signal outputs in the 
longitudinal direction; 
Rxx',max maximal normalised cross-correlation coefficient between the acoustic sensors signal outputs in 
the longitudinal direction; 
Rxz normalised cross-correlation function between the acoustic sensors signal outputs in the 
transverse direction; 
Rxz,max maximal normalised cross-correlation coefficient between the acoustic sensors signal outputs in 
the transverse direction; 
RηC normalised cross-correlation function between instantaneous void fraction and instantaneous 
free surface elevation; 
RηC,max maximum peak of amplitude in the normalised cross-correlation function between instantaneous 
void fraction and instantaneous free surface elevation; 
T average air-water interfacial travel time (s) between the two probe sensors; 
Tu turbulence intensity; 
TX turbulent integral time scale (s) derived from the acoustic sensor signal outputs in the 
longitudinal direction; 
TZ turbulent integral time scale (s) derived from the acoustic sensor signal outputs in the transverse 
direction; 
Txx auto-correlation integral time scale (s) of the air-water flow: 
( )
∫
=τ=τ
=τ
τ=
0R
0
tip,xxxx
tip,xx
dRT ; 
Txx' cross-correlation integral time scale (s) of the free surface fluctuations: 
( )
∫
=τ=τ
=τ
τ=
0R
0
'xx'xx
'xx
dRT ; 
Txz cross-correlation integral time scale (s) of the free surface fluctuations: 
( )
∫
=τ=τ
=τ
τ=
0R
0
xzxz
xz
dRT ; 
T0.5 characteristic time lag (s) for which Rxx,tip = 0.5; 
tch bubble chord time (s); 
u' root mean square of the longitudinal turbulent velocity component (m/s); 
V air-water velocity (m/s); 
Vmax 1- maximum air-water velocity (m/s) in the shear layer; 
viii 
 2- free-stream velocity (m/s); 
Vrecirc recirculation velocity (m/s) in the roller; 
V1 upstream flow velocity (m/s): V1 = Q/(Bd1); 
We Weber number: σρ= /dVWe 121 ; 
x longitudinal distance from the upstream sluice gate (m); 
x0 virtual origin of the developing boundary layer (m); 
x1 longitudinal distance from the upstream gate to the jump toe (m); 
y vertical elevation (m) measured normal to the channel invert; 
yCmax vertical elevation (m) where the void fraction in the shear layer is maximum (C = Cmax); 
yFmax distance (m) from the bed where the bubble count rate is maximum (F = Fmax); 
yF2 vertical elevation (m) above the bed where F = F2; 
yVmax distance (m) from the bed where the interfacial velocity is maximum (V = Vmax); 
y90 characteristic distance (m) from the bed where C = 0.90; 
y0.5 vertical elevation (m) where V = 0.5 Vmax; 
y* distance (m) above the bed of the boundary between the air-water shear layer and the upper 
free-surface region; 
z transverse distance (m) from the channel centreline; 
 
Greek symbols 
Δx longitudinal distance (m) between acoustic sensors; 
Δz transverse distance (m) between acoustic sensors; 
Δxmax maximum longitudinal distance (m) between acoustic sensors; 
Δzmax maximum transverse distance (m) between acoustic sensors; 
Δxtip longitudinal distance (m) between probe sensors; 
Δztip transverse distance (m) between probe sensors; 
δ boundary layer thickness (m); 
δ1 boundary layer displacement thickness (m): 
 ∫
δ
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=δ
0 max
1 dyV
V1  
δ2 boundary layer momentum thickness (m): 
 ∫
δ
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=δ
0 maxmax
2 dyV
V1
V
V  
δ3 boundary layer energy thickness (m): 
 ∫
δ
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛−=δ
0
2
maxmax
3 dyV
V1
V
V  
ix 
η mean free surface elevation (m) measured above the channel invert; 
ηinst instantaneous free surface elevation (m); 
η' standard deviation of the free surface fluctuations (m); 
η'max maximum value of the standard deviation of the free surface fluctuations (m); 
λ dimensionless coefficient; 
μ dynamic viscosity (Pa.s) of water; 
ρ density (kg/m3) of water; 
σ surface tension (N/m) between air and water; 
τ time lag (s); 
5.0τ  characteristic time lag (s) for which Rxx',tip = (Rxx',tip)max/2 ; 
∅ diameter (m); 
 
Subscript 
air air property; 
inst instantaneous; 
max maximum value; 
tip related to the conductivity probe tips; 
theory issued from a theoretical development; 
1 upstream flow conditions; 
2 downstream flow conditions; 
30 30% of the maximum value; 
90 location where C = 0.90; 
* boundary between the upper free-surface region and the air-water shear layer; 
 
Abbreviations 
ADM acoustic displacement meter; 
∂/∂y partial differentiation with respect of y. 
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1. Introduction 
1.1 Presentation 
An open channel flow can change from subcritical to supercritical in a relatively smooth manner at gates and 
weir crests. The flow regime evolves from subcritical to supercritical with the occurrence of critical flow 
conditions associated with relatively small energy loss (e.g. broad-crested weir) (HENDERSON 1966). The 
transition from supercritical to subcritical flow is, on the other hand, characterised by a strong dissipative 
mechanism. It is called a hydraulic jump (Fig. 1-1). A hydraulic jump is extremely turbulent. It is 
characterised by the development of large-scale turbulence, surface waves and spray, energy dissipation and 
air entrainment. A hydraulic jump is a region of rapidly-varied flow and the large-scale turbulence region is 
usually called the "roller". The flow within a hydraulic jump is extremely complicated (HAGER 1992, 
CHANSON 2009a), and it remains a challenge to scientists and researchers. 
Considering a hydraulic jump in a horizontal rectangular channel, the application of the equations of 
conservation of mass and momentum in their integral form yields a series of relationship between the flow 
properties downstream of and upstream of the jump: 
 ( )1Fr81
2
1
d
d
1
1
2 −+=  (1-1) 
 ( ) 2/31
2/3
1
2
1Fr81
2
Fr
Fr
−+
=  (1-2) 
where d1 and d2 are respectively the upstream and downstream flow depths, Fr1 and Fr2 are the upstream and 
downstream Froude numbers respectively, the Froude number is defined as gd/VFr = , V is the flow 
velocity and g is the gravity acceleration. Equation (1-1) is called sometimes the Bélanger equation and it 
was first developed by J.B. BÉLANGER in 1838 (BÉLANGER 1841, CHANSON 2009b). 
The hydraulic jumps are commonly encountered in hydraulic structures and stilling basins, storm waterways, 
water treatment plants and chemical processing plants. A classical example is the circular hydraulic jump in 
a sink (Fig. 1-1A). Figures 1-1B and 1-1C show a hydraulic jump in a culvert inlet. The discharge per unit 
width was about 3 m2/s corresponding to a Reynolds number of 3×106. Figure 1-1D presents a hydraulic 
jump in the inlet structure and mixer of a water treatment plant. 
A key feature of large size hydraulic jumps is the air entrapment at the jump toe and intense air-water mixing 
in the hydraulic jump roller, for example seen in Figures 1-1B to 1-1D (CHANSON 1997a, 2009a). The air 
entrainment in hydraulic jumps was studied first in terms of the rate of entrained air, that is a key design 
considerations in closed-conduit flows (KALINSKE and ROBERTSON 1943, WISNER 1965, FALVEY 
1980). The first two-phase flow measurements in hydraulic jumps were performed in India by 
RAJARATNAM (1962) and THANDAVESWARA (1974). An important study was the work of RESCH 
and LEUTHEUSSER (1972) highlighting the effects of the inflow conditions on the air entrainment and 
momentum transfer processes. In the last fifteen years, some significant advances included CHANSON 
(1995,2007,2010), MOSSA and TOLVE (1998), CHANSON and BRATTBERG (2000), MURZYN et al. 
(2005,2007). These studies documented the vertical distributions of void fractions, bubble count rates and 
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air-water velocities in hydraulic jumps with partially-developed inflow conditions. Most studies were 
conducted with relatively large inflow Froude numbers (Fr1 > 5), but for MURZYN et al. (2005,2007). 
The present study aims to examine accurately the free surface turbulent motion and air-water flow properties 
in hydraulic jumps with relatively small Froude numbers (2.4 < Fr1 < 5.1) operating at relatively large 
Reynolds numbers (6.6×104 < Re < 1.3×105). The experimental facility and instrumentation are described in 
section 2. The main results are presented in sections 3, 4 and 5, and discussed in section 6. 
 
 
(A) Circular hydraulic jump in a sink - The supercritical flow radiates away from the jet impact yielding a 
circular-shaped jump surrounding the jet impact region 
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(B) Hydraulic jump in a culvert inlet on 20 May 2009 in Brisbane (Australia) - General view of the jump in a 
culvert inlet with the flood flow direction from left to right (Shutter speed: 1/80 s) 
 
(C) Details of air-water flow structures above the roller (Shutter speed: 1/80 s) - Same location as Fig. 1-1B 
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(D) Hydraulic jump in the Molendinar water processing plant (Gold Coast, Australia) on 4 September 2002 
Figure 1-1 - Photographs of hydraulic jumps 
 
1.2 Dimensional considerations and physical modelling 
The analytical and numerical studies of hydraulic jumps are difficult considering the large number of 
relevant equations to describe the two-phase turbulent flow motion. The experimental investigations are not 
easy but new advances in metrology and signal processing provided the means for successful air-water 
turbulent flow measurements in hydraulic jumps (e.g. MOSSA and TOLVE 1998, CHANSON and 
BRATTBERG 2000, MURZYN et al. 2005). The physical studies are performed with geometrically similar 
models and the selection of an adequate similitude is critical. 
The relevant parameters needed for any dimensional analysis include the fluid properties and physical 
constants, the channel geometry and inflow conditions, and the air-water flow properties including the 
entrained air bubble characteristics (CHANSON and GUALTIERI 2008). For a hydraulic jump in a 
horizontal, rectangular channel, a simplified dimensional analysis yields: 
 ( ),...,,,,,g,B,,'u,V,d,x,z,y,xf,...F,d,'u,V,C airair11111ab σμμρρδ=  (1-3) 
where C is the void fraction, V is the velocity, u' is a characteristic turbulent velocity, dab is a characteristic 
size of entrained bubble, F is the bubble count rate, x is the longitudinal coordinate measured from the 
upstream gate, y is the vertical elevation above the invert, z is the transverse coordinate measured from the 
channel centreline, x1 is the distance between the jump toe and the upstream gate, d1 is the inflow depth, V1 
is the inflow velocity, u1' is a characteristic turbulent velocity at the inflow, δ is the boundary layer thickness 
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of the inflow, B is the channel width, g is the gravity acceleration, ρ and μ are the water density and dynamic 
viscosity respectively, ρair and μair are the air density and dynamic viscosity respectively, σ is the surface 
tension between air and water. Equation (1-3) gives an expression of the air-water flow properties at a 
position (x, y, z) within the hydraulic jump roller as functions of the inflow properties, channel geometry and 
fluid properties. 
The biochemical properties of the water solution may be considered and compressibility of high-velocity air–
water flow might be relevant.  In free-surface flows, the compressibility effects have little impact on air 
bubble diffusion process and on mixing layer characteristics (CHANSON 1997a), and these are not 
considered herein. Further, the density and viscosity of the air-water mixture can be estimated from the water 
properties and local void fraction; hence ρair and μair are ignored thereafter. 
In a hydraulic jump, the characteristic length scale is the upstream flow depth d1. Equation (1-3) may be 
transformed in dimensionless terms: 
 ⎟⎟⎠
⎞
⎜⎜⎝
⎛
σρμρ
δ−= ,...dV,dV,
dg
V
,
d
,
V
'u
,
d
x
,
d
z,
d
y,
d
xx
f,...
V
dF
,
d
d
,
V
'u,
V
V,C 1
2
111
1
1
11
1
1
1
111
1
2
1
1
1
ab
11
 (1-4) 
In the right handside of Equation (1-4), the seventh, eighth and ninth terms are the inflow Froude Fr1, Weber 
We and Reynolds Re numbers respectively. Any combination of these numbers is also dimensionless and 
may be used to replace one dimensionless parameter (HENDERSON 1966, NOVAK and CABELKA 1981). 
In particular one parameter can be replaced by the Morton number: 
 
42
1
3
3
4
ReFr
WegMo =σρ
μ=  (1-5) 
The Morton number is a function only of fluid properties and gravity constant. 
When the physical experiments are performed on the centreline of a wide channel, using the same fluids (air 
and water) in both model and prototype, the Morton number becomes an invariant and the flow is basically 
two-dimensional. Equation (1-4) may then be simplified into: 
 ⎟⎟⎠
⎞
⎜⎜⎝
⎛ δ−= Re,Fr,
d
,
V
'u
,
d
x
,
d
y,
d
xx
f,...
V
dF
,
d
d
,
V
'u,
V
V,C 1
11
1
1
1
11
1
3
1
1
1
ab
11
 (1-6) 
In free-surface flows including hydraulic jump studies, the gravity effects are important and a Froude 
similitude is commonly used (HENDERSON 1966, NOVAK and CABELKA 1981, LIGGETT 1994). It is 
impossible however to satisfy simultaneously the Froude and Reynolds similarities with a geometrically-
similar model. For example, the turbulent properties and air entrainment process are adversely affected by 
significant scale effects in small size physical models (WOOD 1991, CHANSON 1997a). MURZYN and 
CHANSON (2008) re-analysed some Froude similar experiments (Fr1 = 5.1 & 8.5) conducted in hydraulic 
jumps with Reynolds numbers between 2.4×104 and 9.8×104. Their results showed some drastic scale effects 
in the smaller hydraulic jumps in terms of void fraction, bubble count rate and bubble chord time 
distributions for Re < 4×104, with lesser entrained air and comparatively larger entrained bubbles in the 
smallest jumps. 
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In the present study, the turbulence and air entrainment in the hydraulic jump roller were investigated for 
relatively small upstream Froude numbers (2.4 < Fr1 < 5.1). The laboratory experiments were conducted in a 
large size facility operating at large Reynolds numbers (6.6×104 < Re < 1.3×105). These conditions are 
representative of some small full-scale treatment plant inlet and could be considered as a 10:1 scale study of 
the storm waterway operation seen in Figures 1-1B and 1-1C. 
 
Discussion 
It is worth noting that the above analysis does not account for the characteristics of the instrumentation. The 
size of the probe sensor, the scanning rate and possibly other probe characteristics do affect the minimum 
size detectable by the measurement system. In the particular case of phase-detection intrusive probe (e.g. 
optical fibre and conductivity probes), the bubble chords smaller than the probe sensor cannot be detected 
while the bubble chord times smaller than the scan period (i.e. inverse of scan frequency) are not recorded. 
To date most systematic studies of scale effects affecting air entrainment processes were conducted with the 
same instrumentation and sensor size in all experiments (CHANSON 2009c). That is, the probe sensor size 
was not scaled down in the small size models. The present study is no exception but it is acknowledged that 
this aspect might be a limitation. 
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2. Experiments and instrumentation 
2.1 Experimental set-up and instrumentation 
The experiments were performed in a horizontal rectangular flume at the Gordon McKAY Hydraulics 
Laboratory at the University of Queensland (Fig. 2-1). Figure 2-1 presents a photograph of the experimental 
channel in operation. The channel width was 0.50 m. The sidewall height and the flume length were 
respectively 0.45 m and 3.2 m. The sidewalls were made of glass and the channel bed was PVC. The inflow 
conditions were controlled by a vertical gate with a semi-circular shape (∅ = 0.3 m) (Fig. 2-2). The upstream 
gate opening was fixed during all experiments at h = 0.036 m. This channel was previously used with 
different flow conditions by CHANSON (2005,2007,2010), KUCUKALI and CHANSON (2008) and 
MURZYN and CHANSON (2009). 
The water discharge was measured with a Venturi meter located in the supply line and which was calibrated 
on-site. For the largest flow rate (0.0627 m3/s), another supply line was added and equipped with another 
Venturi meter. The discharge measurement was accurate within ±2%. The clear-water flow depths were 
measured using rail mounted point gages with a 0.2 mm accuracy. 
The pressure and velocity measurements in steady supercritical flows were performed with a Prandtl-Pitot 
tube. The Pitot tube design was based on the Prandtl design (TROSKOLANSKI 1960, CHANSON 2000). Its 
performances were compared with a British Standards design within 1% in wind tunnel tests for Reynolds 
numbers ranging from 1×105 to 9×105. The Prandtl-Pitot tube had an external diameter ∅ = 3.02 mm, the 
total head was measured through a 1 mm hole at the tip, and the distance between the tip of the probe and the 
lateral pressure points (Ø = 0.5 mm) was 9 mm. The Pitot tube was connected to an inclined manometer 
which gave the total head and piezometric head. 
 
 
Figure 2-1 - Photograph of the experimental channel - Flow from bottom right to top left - Flow conditions: 
d1 = 0.0415 m, x1 = 1.50 m, Fr1 = 3.8, Re = 9.8×104 
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2.1.1 Free surface measurements using acoustic displacement meters 
The instantaneous free surface elevations were measured using seven ultrasonic displacement meters 
Microsonic™ located along and above the flume centreline. The acoustic displacement meters detected the 
elevation of the free surface using an acoustic beam. The beam was emitted by the sensor head, reflected by 
the free surface and detected again by the head. The travel time yielded the distance between the sensor and 
the free surface. 
The sensors included six Mic+25/IU/TC with 0.18 mm accuracy and 50 ms response time, and one 
Mic+35/IU/TC sensor with 0.18 mm accuracy and 70 ms response time. The Mic+35 sensor (named S0, Fig. 
2-2) was positioned above the inflow, and the sensors Mic+25 (S1 to S6) were mounted downstream of the 
jump toe (Fig. 2-2). The locations of the sensors were fixed for all experiments: they are listed in Table 2-1 
and sketched in Figure 2-2. Each probe signal output was scanned at 50 Hz per sensor for 10 minutes. The 
sensors were calibrated on site before each day of experiments. Figure 2-3 shows a typical example of 
calibration curves for the acoustic displacement meters. 
 
y
x
d
x
Shear layer
Recirculation region
1
S0 S S S SSS 1 2 3 4 5 6
1
Large eddy
δ
h
 
Figure 2-2 - Sketch of the experimental channel with the acoustic displacement meters 
 
Table 2-1 - Longitudinal positions of the acoustic displacement sensors (Jump toe location: x1 = 1.50 m) 
 
Sensor S0 S1 S2 S3 S4 S5 S6 
x (m) = 1.35 1.595 1.74 1.94 2.19 2.43 2.67 
x-x1 (m) = -0.15 +0.095 +0.24 +0.44 +0.69 +0.93 +1.17 
Sensor type Mic+35 Mic+25 Mic+25 Mic+25 Mic+25 Mic+25 Mic+25 
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Figure 2-3 - Typical calibration curves for the acoustic displacement meters 
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Figure 2-4 - Voltage outputs of an acoustic displacement meter - Raw voltage signal (left) and voltage signal 
after erroneous data removal (right) - Flow conditions: d1 = 0.0395 m, x1 = 1.50 m, x-x1 = 0.300 m, Fr1 = 4.4, 
Re = 1.1×105 
 
The displacement meter outputs included a few erroneous measurements when the angle of the free surface 
with the horizontal was too important and the reflected beam did not reach the acoustic displacement meter 
head. Another situation was when some air-water splashing was detected by the sensor instead of the free 
surface. This translated into spikes in the signals, which were removed by a threshold technique using the 
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software DPlotTM. A processing was applied to the data to remove the erroneous points (1) (Fig. 2-4). Figure 
2-4 shows an example of both original and processed signals. 
 
2.1.2 Multiphase flow measurements using phase-detection conductivity probes 
The air-water flow properties were measured with a double-tip conductivity probe (Fig. 2-5). The 
conductivity probe is a phase-detection intrusive probe designed to pierce the bubbles (Fig. 2-6). Its 
operation is based upon the difference in electrical resistance between air and water (CROWE at al. 1998, 
CHANSON 2002). The dual-tip probe was equipped with two identical sensors with an inner diameter of 
0.25 mm. The distance between probe tips was Δxtip = 7.12 mm (Fig. 2-6). The probe was manufactured at 
the University of Queensland. The dual-tip probe was excited by an electronic system (Ref. UQ82.518) 
designed with a response time of less than 10 μs. During the experiments, each probe sensor was sampled at 
20 kHz for 45 s. Depending upon the Froude number, three to four vertical profiles were recorded at 
different cross-sections downstream of the jump toe. Each vertical profile contained a minimum of 25 points. 
The displacement and the position of the probe in the vertical direction were controlled by a fine adjustment 
system connected to a Mitutoyo™ digimatic scale unit with a vertical accuracy of less than 0.1 mm. 
 
 
Figure 2-5 - Double tip conductivity probe developed at the University of Queensland - Flow direction from 
bottom left to top right - d1 = 0.044 m, x1 = 1.50 m, x-x1 = 0.30 m, Fr1 = 3.1, Re = 8.9×105 
                                                     
1 The statistical analyses were conducted on the probe outputs after erroneous data removal. The spectral analyses were 
performed on the data after removal of the erroneous data and replacement by linear interpolation. 
11 
 
Figure 2-6 - Sketch of the dual-tip conductivity probe developed at the University of Queensland - (Top) 
Side view; (Bottom) View in elevation 
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Figure 2-7 - Signal output of a conductivity probe sensor with single threshold - Flow conditions: d1 = 
0.0395 m, x1 = 1.50 m, x-x1 = 0.30 m, y = 0.180 m, Fr1 = 5.1, Re = 1.3×105, C = 0.85, F = 11.0 Hz 
 
The analysis of the probe voltage output was based upon a single threshold technique, with a threshold set at 
50% of the air-water voltage range. Below this threshold, the probe was in air whereas it was in water for 
larger voltage output voltages (Fig. 2-7). The error on the void fraction was expected to be less than 1% 
using this technique. The single-threshold technique is a robust method that is well-suited to free-surface 
flows (CHANSON and CAROSI 2007a). The 50% threshold was documented by TOOMBES (2002) and 
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CHANSON and FELDER (2010) for different ranges of void fractions. Figure 2-7 presents a typical signal 
output of the conductivity probe and the threshold applied. 
A number of air-water flow properties were derived from the probe signal analysis. These included the void 
fraction C defined as the volume of air per unit volume of air and water, the bubble count rate or bubble 
frequency F defined as the number of bubbles impacting the probe tip per second, and the air chord time 
distribution where the chord time is defined as the time spent by the bubble on the probe tip. The air-water 
interfacial velocities V were estimated as V = Δxtip/T where Δxtip is the longitudinal distance between both 
tips (Δxtip = 7.12 mm) and T is the average air-water interfacial time between the two probe sensors 
(CROWE et al. 1998, CHANSON 1997b, 2002). T was deduced from a cross-correlation analysis (Fig. 2-8). 
The turbulence level Tu characterised the fluctuations of the air-water interfacial velocity between the probe 
sensors (CHANSON and TOOMBES 2002, CHANSON 2002). It was deduced from the shapes of the cross-
correlation Rxx',tip and auto-correlation Rxx,tip functions: 
 
T
T
851.0Tu
2
5.0
2
5.0 −τ=  (2-1) 
where τ0.5 is the time scale for which the normalised cross-correlation function is half of its maximum value 
such as Rxx',tip(T+ τ0.5) = (Rxx',tip)max/2, (Rxx',tip)max is the maximum cross-correlation coefficient for a time lag τ 
= T, and T0.5 is the time for which the normalised auto-correlation function equals 0.5. (Fig. 2-8). These 
notations are summarised on Figure 2-8. 
The analysis of the signal auto-correlation function provided further information (CHANSON 2004, 
CHANSON and CAROSI 2007a). The integral time scale Txx represented a time scale relative to the 
longitudinal bubbly flow structures (Fig. 2-8). It was defined as: 
 ∫
=τ=τ
=τ
τ=
)0R(
0
tip,xxxx
tip,xx
dRT  (2-2) 
where τ is the time lag and Rxx,tip is the normalised auto-correlation function of the probe signal. Txx was a 
characteristic time of the large eddies advecting the air-water interfaces in the longitudinal direction 
(CHANSON 2007, CHANSON and CAROSI 2007b). Note that some auto-correlation functions did not 
cross the horizontal axis during the time interval of calculation (herein 50 ms). In these cases, a criterion was 
applied to validate the value of Txx: i.e., when Rxx,tip was observed not to decrease under 0.1, the data was 
ignored; such a situation was observed for the upper part of the flow and the splashing region. 
In the present study, the data processing of correlation functions were conducted on the raw probe signal 
output. Indeed, any analysis based upon thresholded signals tends to ignore the contributions of the smallest 
air-water particles (CHANSON and CAROSI 2007a). Thus, all original files of 900,000 samples (sampling 
frequency of 20 kHz for 45 s) were segmented into 15 non-overlapping sub-segments of 60,000 samples 
each. At a given position, the results in terms of turbulence intensities and integral time scales were averaged 
values over the 15 non-overlapping sub-segments. 
 
13 
 
Figure 2-8 - Sketch of the auto and cross-correlation functions derived from the dual-tip probe signals 
 
2.2 Inflow conditions 
In the upstream supercritical flow, a turbulent boundary layer developed and its properties were investigated. 
For four inflow conditions, the vertical distributions of velocity and pressure were measured with the 
Prandtl-Pitot tube. In each case, the measurements were performed in the supercritical flow upstream of the 
roller toe (i.e. x < x1 = 1.50 m). All the experiments were carried out with the same upstream rounded gate 
opening h = 0.036 m, for which the flow depth immediately upstream of the roller toe differed depending on 
the discharges, ranging from d1 = 0.0395 m to 0.0440 m (Table 2-2, 4th column). The experimental flow 
conditions are summarised in Table 2-2, and the complete Prandtl-Pitot tube velocity and pressure 
measurements are presented in Appendix A 
The Prandtl-Pitot tube measurements showed that the pressure distributions were hydrostatic. The velocity 
profiles are shown in Figure 2-9. First the data indicated that the supercritical flow consisted of a developing 
boundary layer and an ideal fluid flow region above. That is, the hydraulic jump inflow conditions were 
partially-developed for all investigated flow conditions. Second, for each data set, the boundary layer 
thickness as well as the displacement, momentum and energy thicknesses were calculated. The complete data 
set is reported in Table 2-2 (8th to 11th columns) together with the free-stream velocity Vmax (Table 2-2, 12th 
column). The boundary layer growth data were compared with the expected development of a turbulent 
boundary layer on a smooth bed with zero pressure gradient: 
 5/4x∝δ  (2-3) 
where δ is the boundary layer thickness and x is the longitudinal distance from the upstream gate. For a wall 
jet configuration, the virtual origin of the boundary layer is usually not located at the opening but upstream 
of the gate (SCHWARZ and COSART 1964, CHANSON 1997b). Hence the growth of the boundary layer 
was best correlated by: 
 
5/4
1
o
1 d
xx
d ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −λ=δ  (2-4) 
where d1 is the water depth at the position x = 1.40 m, corresponding to a location immediately upstream of 
the jump toe for all the experiments conducted in this study, λ is a dimensionless function of the flow 
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conditions, and xo is the virtual origin of the boundary layer that was function of the flow conditions. Figure 
2-10 presents the boundary layer growth for four inflow conditions. Note that, for Fr1 = 3.1 and 3.8, the data 
scatter prevented an accurate estimate of xo. The parameters λ and x0 are presented in the legend for each 
flow condition (Fig. 2-10). 
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Figure 2-9 - Velocity profile of the supercritical flow upstream of the hydraulic jump for Fr1 = 5.1, d1 = 
0.0395, h = 0.036 m, Re = 1.3×105 
 
x/d1
δ/d
1
0 10 20 30 40
0
0.1
0.2
0.3
0.4
0.5
Fr1 = 5.1
Fr1 = 4.4
Fr1 = 3.8
Fr1 = 3.1
0.0207((x-xo)/d1)4/5, xo=-0.169 m
0.0230((x-xo)/d1)4/5, xo=-0.349 m
0.0108 x4/5
 
Figure 2-10 - Boundary layer growth in the supercritical flows - Comparison between experimental data and 
Equation (2-4) 
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Table 2-2 - Experimental study of the supercritical flow upstream of the hydraulic jump 
 
Q 
(m3/s) 
B 
(m) 
h 
(m) 
d1 
(m) 
Fr1 Re x/d1 δ/d1 δ1/d1 δ2/d1 δ3/d1 Vmax 
(m/s) 
0.0446 0.5 0.036 0.0440 3.1 8.9×104 9.1 
17.0 
21.1 
24.3 
25.0 
31.8 
0.151 
0.138 
0.114 
0.120 
0.125 
0.117 
0.0096 
0.0058 
0.0059 
0.0076 
0.0088 
0.0077 
0.0085 
0.0055 
0.0054 
0.0068 
0.0078 
0.0068 
0.0162 
0.0106 
0.0103 
0.0129 
0.0147 
0.0129 
2.60 
2.59 
2.57 
2.55 
2.55 
2.53 
0.0490 0.5 0.036 0.0405 3.8 9.8×104 9.9 
18.5 
27.2 
34.6 
0.129 
0.173 
0.158 
0.135 
0.0088 
0.0104 
0.0097 
0.0104 
0.0078 
0.0094 
0.0088 
0.0091 
0.0147 
0.0179 
0.0169 
0.0172 
2.86 
2.84 
2.82 
2.80 
0.0545 0.5 0.036 0.0395 4.4 1.1×105 10.1 
19.0 
27.8 
35.4 
0.237 
0.332 
0.422 
0.467 
0.0215 
0.0333 
0.0380 
0.0354 
0.0181 
0.0280 
0.0323 
0.0304 
0.0335 
0.0518 
0.0602 
0.0567 
3.18 
3.15 
3.07 
3.01 
0.0627 0.5 0.036 0.0395 5.1 1.3×105 10.1 
19.0 
27.8 
35.4 
0.177 
0.250 
0.334 
0.394 
0.0154 
0.0229 
0.0310 
0.0348 
0.0131 
0.0195 
0.0262 
0.0297 
0.0243 
0.0362 
0.0486 
0.0552 
3.63 
3.63 
3.63 
3.57 
 
Note: Q: flow rate; B: channel width; h: gate elevation; d1: water depth immediately upstream of the jump 
(measured at x = 1.40 m); Fr1: Froude number (at x = 1.40 m); x: longitudinal position; Re: Reynolds 
number; δ: boundary layer thickness; δ1: displacement thickness; δ2: momentum thickness; δ3: energy 
thickness; Vmax: free-stream velocity. 
 
2.3 Experimental flow conditions 
Three series of experiments were conducted. The first series focused on the general hydraulic jump 
properties: e.g., upstream and downstream depths, jump toe fluctuation frequency. The experiments were 
performed with inflow Froude numbers between 2.4 and 5.1 corresponding to Reynolds numbers between 
6.6×104 and 1.3×105. The results are presented in section 3. In the second series of experiments, some 
detailed air-water flow measurements at the sub-millimetric scale were conducted using the double-tip 
conductivity probe. The flow conditions corresponded to Froude numbers between 3.1 and 5.1 and Reynolds 
numbers between 8.9×104 and 1.3×105 (section 4). During the third series of experiments, the free-surface 
fluctuations and two-phase flow properties were recorded simultaneously. The upstream Froude numbers 
ranged between 3.81 and 5.1 and the Reynolds numbers between 9.8×104 and 1.1×105 (section 5). The 
validity of the Froude similarity is discussed in section 6 for Fr1 = 5.1. 
For all experiments, the jump toe was located at x1 = 1.50 m and the same upstream rounded gate opening h 
= 0.036 m was used for the whole study. For these conditions, the inflow depth ranged from 0.042 down to 
0.038 m depending upon the flow rate. The Prandtl-Pitot tube velocity data showed that, the inflow was 
characterised by a partially-developed boundary layer (section 2.2). 
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3. Free surface properties 
Downstream of the jump toe, the free surface of the hydraulic jump was strongly turbulent. Some large 
vertical fluctuations, foamy air-water structures and water projections were observed. In this section, the free 
surface fluctuations properties of the hydraulic jump roller are presented including the mean and fluctuating 
profiles, free surface fluctuation frequencies, and integral length and time scales of the free surface 
fluctuations. 
 
3.1 Flow patterns 
At low inflow Froude numbers Fr1, the hydraulic jumps were undular: the front was followed by a train of 
secondary waves. For larger Froude numbers, the hydraulic jumps were characterised by a turbulent breaking 
roller. The present study focused on the breaking jumps in the following sections. 
Some visual observations were recorded for inflow Froude numbers between 1.3 and 5.1. These are reported 
in Table 2-2 for 1.35 < Fr1 < 2.84 and Figure 3-1 presents some photographic illustrations. For larger inflow 
Froude numbers, the basic flow features were identical to those observed for Fr1 = 2.84. 
In the experimental channel, an inflow Froude number of 1.35 yielded an undular jump without breaking nor 
air entrainment (Fig. 3-1A). A slightly larger Froude number of 1.51 showed an undular hydraulic jump, but 
with some light breaking and a few entrained air bubbles. For Fr1 = 1.96 (Fig. 3-1B), the hydraulic jump 
remained undular with some breaking. The air entrainment became more substantial but the entrained air 
bubbles did not reach the second crest of the undulations. For Fr1 = 2.17, the breaking became more 
important and the undulations were of smaller amplitude. At a Froude number of 2.34, the undulations 
disappeared. The hydraulic jump was a turbulent breaking jump. The air entrainment remained weak. For Fr1 
= 2.56, the jump was a breaking jump with air entrainment, and some projections of water droplets were 
observed. The jumps for Fr1 = 2.67 and Fr1 = 2.84 had a marked breaking roller, with some increasing air 
entrainment and air-water projections with increasing Froude number (Fig. 3-1C for Fr1 = 2.84). A number 
of high-shutter speed photographs of air-water projections are presented in Appendix H. 
For the remaining sections, the inflow Froude number Fr1 was larger than 2.4, and thus corresponded to 
breaking jumps without undulations. Some experiments were conducted with the acoustic displacement 
meters to characterise the free surface fluctuations of breaking hydraulic jumps. The first set of results aimed 
to record the mean and turbulent profiles of the jumps. Table 3-2 presents the experimental conditions. The 
instrumentation and the processing of the data were described in chapter 2. 
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(A) Fr1 = 1.35 - Undular hydraulic jump 
 
(B) Fr1 = 1.96 - Undular with breaking and air entrainment 
 
(C) Fr1 = 2.84 - Breaking jump with air-water projections 
Figure 3-1 - Photographic profiles of undular and breaking hydraulic jumps - Flow from right to left 
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Table 3-1 - Hydraulic jump features (visual observations) 
 
Q 
(m3/s) 
B 
(m) 
h 
(m) 
x1 
(m) 
d1 
(m) 
V1 
(m/s) 
Fr1 Re Hydraulic jump features 
0.0195 0.5 0.036 1.50 0.0440 0.89 1.35 3.90×104 undular 
0.0219 0.5 0.036 1.50 0.0440 1.00 1.51 4.38×104 undular/small breaking/few bubbles 
0.0250 0.5 0.036 1.50 0.0405 1.23 1.96 5.00×104 undular/small breaking/air 
entrainment 
0.0272 0.5 0.036 1.50 0.0400 1.36 2.17 5.44×104 breaking/air entrainment 
0.0293 0.5 0.036 1.50 0.0400 1.47 2.34 5.86×104 breaking/air entrainment 
0.0314 0.5 0.036 1.50 0.0395 1.59 2.56 6.28×104 breaking/air entrainment/projections 
0.0336 0.5 0.036 1.50 0.0402 1.67 2.66 6.72×104 breaking/air entrainment/projections 
0.0369 0.5 0.036 1.50 0.0410 1.80 2.84 7.38×104 breaking/air entrainment/projections 
 
Note: Q: flow rate, B: channel width, h: gate elevation, x1: jump toe position, d1: water depth immediately 
upstream of the jump toe, V1: cross-section averaged inflow velocity, Fr1: inflow Froude number, Re: 
Reynolds number 
 
  
(A, Left) d1 = 0.0395 m, x1 = 1.50 m, Fr1 = 5.1, Re = 1.2×105 - Shutter: 1/180 s at f/2.5, ISO 100 (after 
CHANSON and CHACHEREAU 2010) 
(B, Right) d1 = 0.0375 m, x1 = 1.50 m, Fr1 = 6.5, Re = 1.5×105 - Shutter: 1/180 s at f/2.5, ISO 200 
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(C) d1 = 0.0395 m, x1 = 1.5 m, Fr1 = 5.1, Re =1.3×105 - Shutter: 1/180 s at f/2.5, ISO 100 (after CHANSON 
and CHACHEREAU 2010) 
Figure 3-2 - High-shutter speed photographs of air-water projections in hydraulic jumps, looking 
downstream at the impingement point and free-surface discontinuity at the jump toe - Flow from foreground 
to background - Note the large air-water projections, ejected water droplets, the diversity of projection 
shapes, and water surface discontinuity above the impingement perimeter - Some large air-water structures 
were projected more than 5d1 above the upstream water surface 
 
Table 3-2 - Experimental conditions of the free surface profile experiments 
 
Q 
(m3/s) 
B 
(m) 
h 
(m) 
x1 
(m) 
d1 
(m) 
δ 
(m) 
Fr1 Re d2 
(m) 
Ffs 
(Hz) 
0.033 0.50 0.036 1.50 0.0420 -- 2.4 6.6×104 0.1247 2.1-5 
0.0365 0.50 0.036 1.50 0.0425 -- 2.7 7.3×104 0.1414 2.8-3.7 
0.040 0.50 0.036 1.50 0.0438 -- 2.8 8.0×104 0.1576 2.65-3 
0.0446 0.50 0.036 1.50 0.0454 0.0051 2.9 8.9×104 0.1785 2.5-3 
0.0468 0.50 0.036 1.50 0.0444 -- 3.2 9.4×104 0.1870 1.6-3.8 
0.049 0.50 0.036 1.50 0.0442 0.0055 3.4 9.8×104 0.1963 1.85-3.9 
0.0515 0.50 0.036 1.50 0.0412 -- 3.9 1.0×105 0.2068 1.7-2.9 
0.0545 0.50 0.036 1.50 0.0430 0.0184 4.4 1.1×105 0.219 1.6-3.8 
0.0573 0.50 0.036 1.50 0.0378 -- 5.0 1.1×105 0.235 1.95-2.55 
0.0627 0.50 0.036 1.50 0.0395 0.0156 5.1 1.3×105 0.257 1.8-2.4 
 
20 
Note: Q: flow rate; B: channel width; h: gate elevation; x1: longitudinal position of the jump toe; d1: water 
depth immediately upstream of the jump toe (measured with acoustic sensor); δ: boundary layer thickness 
measured at x = 1.40 m; Fr1: upstream Froude number; Re: Reynolds number; d2: water depth immediately 
downstream of the roller (measured with acoustic sensor); Ffs: range of characteristic free-surface fluctuation 
frequencies. 
 
Air-water projections 
The upper spray region above hydraulic jumps was rarely investigated but for CHANSON (2006) and 
CHANSON and CHACHEREAU (2010). The present observations highlighted a broad range of water and 
air-water droplet projections immediately above the jump toe, as well as some instantaneous discontinuity of 
the impingement perimeter. 
The high-shutter speed photographs and movies showed the large instantaneous air-water structures 
projected high above the roller surface. The short-lived structures exhibited a wide range of shapes. Figure 3-
2 shows a series of high-shutter speed photographs aimed to illustrate the variety of short-lived air-water 
structures projected above the hydraulic jump. Figures 3-2A to 3-2C presents some photographs looking 
downstream at the jump toe, the impingement perimeter and the associated free-surface discontinuity, and 
the air-water projections above the entrapment point. Further photographs are shown in Appendix H. The 
photographs may be compared with Figure 1-1C showing some air-water ejections above a hydraulic jump 
roller in a prototype storm waterway. 
While a large proportion of air-water structures were projected upwards with an initially forward motion, 
some were ejected with the negative direction, sometimes landing upstream of the jump toe. This was 
highlighted by droplet impacts on the camera lens, and might explain some droplets seen in the foreground 
of Figure 3-2B. 
 
3.2 Mean free surface profiles 
The longitudinal free surface profiles were recorded for ten experiments with inflow Froude numbers 
ranging from 2.4 to 5.1 (Table 3-2). The instrumentation consisted in seven acoustic displacement meters 
located at different longitudinal positions and scanned at 50 Hz for 10 minutes. Figure 3-3 presents some 
typical mean free surface profiles. In Figure 3-3, η is the time-averaged free-surface elevation above the 
invert, x is the longitudinal position of the sensor, d1 is the inflow depth immediately upstream of the 
hydraulic jump toe, and x1 is the longitudinal position of the jump toe (x1 = 1.50 m). The data showed some 
longitudinal profiles that were very close to the photographic observations through the glass sidewalls (e.g. 
Fig. 3-1C), and the results were consistent with earlier, classical results (BAKHMETEFF and MATZKE 
1936, REHBOCK 1929). The complete results in terms of the time-averaged water elevation η and its 
statistical properties are reported in Appendix B. 
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(A) Fr1 = 2.7 to 5.1 
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(B) Fr1 = 2.4 to 5.0 
Figure 3-3 - Dimensionless time-averaged free surface profile η/d1 measurements in hydraulic jumps 
 
In a hydraulic jump, the flow properties immediately upstream and downstream of the jump roller must 
satisfy the continuity and momentum principles (HENDERSON 1966, LIGGETT 1994). For a hydraulic 
jump in a rectangular, horizontal, smooth channel, it yields: 
 ( )1Fr81
2
1
d
d
1
1
2 −+=  (3-1) 
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where d1 and d2 are respectively the upstream and downstream flow depths (section 1). Equation (3-1) is 
compared the present experimental data in Figure 3-4 as well as with other data sets. The results showed a 
close agreement between the data and theory as expected. 
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Figure 3-4 - Ratio of conjugate depths d2/d1 in hydraulic jumps - Comparison between the momentum 
principle (Eq. (3-1)), experimental data obtained using acoustic displacement meters (Red symbols: 
MURZYN and CHANSON 2009, Present study) and data based upon pointer gauges (Black & white 
symbols: BIDONE 1819, MURZYN et al. 2007, CHANSON 2009b,2010) 
 
3.3 Turbulent fluctuations of the free surface 
The standard deviation of the water elevation η' was recorded at several longitudinal locations for several 
inflow Froude numbers. η' characterised the turbulent fluctuations of the free surface, and Figure 3-5 
presents η'/d1 as a function of the dimensionless distance from the jump toe (x-x1)/d1. 
Some small free-surface fluctuations were observed upstream of the jump toe (x-x1 < 0). A significant 
increase in free surface fluctuation was observed immediately downstream of the jump toe (x-x1 > 0) for all 
Froude numbers, and the free-surface fluctuations reached a maximum value η'max within the roller. This 
maximum value η'max increased with increasing Froude numbers (Fig. 3-6). The large standard deviations in 
free-surface elevations were linked with a large number of air-water projections above the roller and jump 
toe illustrated in Appendix H. Further downstream, the free-surface fluctuations η' decreased with increasing 
distance from the jump toe. The results were consistent with the earlier studies of MOUAZE et al. (2005), 
KUCUKALI and CHANSON (2008) and MURZYN and CHANSON (2009). 
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The peak of turbulent fluctuations was observed for (x-x1)/d1 < 7 (Fig. 3-5). That is, the peak in turbulent 
free-surface fluctuations was located in the first half of the roller as previously observed by MOUAZE et al. 
(2005) and MURZYN and CHANSON (2009). For Fr1 = 5.1, the standard deviation of the free-surface 
elevation was nearly 0.7 times the inflow depth (0.7d1). For the lowest Froude number Fr1 = 2.7, it was about 
0.3d1. Thus the free surface became more turbulent with increasing Froude number. Note that, with the 
present experimental setup, an increasing Froude number was associated with an increasing Reynolds 
number. Figure 3-6 presents the dimensionless peak of turbulent fluctuations η'max/d1 as a function of the 
inflow Froude number. The present data were compared with the data fit proposed by MURZYN and 
CHANSON (2009): 
 ( ) 235.11
max1
1Fr116.0
d
' −=⎟⎟⎠
⎞
⎜⎜⎝
⎛ η  (3-2) 
Equation (3-2) is based upon some data obtained by MADSEN (1981), MOUAZE et al. (2005), KUCUKALI 
and CHANSON (2008) and MURZYN and CHANSON (2009). Figure 3-6 shows that Equation (3-2) was a 
reasonable fit for the present data, but for the lowest inflow Froude number. 
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(A) Fr1 = 2.7 to 5.1 
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(B) Fr1 = 2.4 to 5.0 
Figure 3-5 - Dimensionless longitudinal profiles of free surface fluctuations η'/d1 in hydraulic jumps 
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Figure 3-6 - Maximum of turbulent fluctuations η'max/d1 in hydraulic jumps as a function of Froude number 
Fr1 - Comparison between experimental data and Equation (3-2) 
 
A spectral analysis of the acoustic displacement meter signal outputs was performed. Figure 3-7 presents a 
typical Fast Fourier Transform (FFT) of a sensor output signal. Both the raw and a smoothed FFT curves are 
shown; the smoothing was based on 20 points. The smoothed signal showed a dominant, characteristic 
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frequency about 2.0 Hz (Fig. 3-7, Right). This trend was observed for all flow conditions and for all 
longitudinal locations. In turn, the dominant frequencies of the free surface fluctuations of hydraulic jumps 
were documented. 
Figure 3-8A presents the characteristic frequencies of the free surface fluctuations in hydraulic jumps for 
Froude numbers between 3.1 and 5.1, as a function of the dimensionless distance to the jump toe (x-x1)/d1. 
For some positions, the FFT presented two characteristic frequencies. In these cases, both frequencies are 
shown on the figure. In other cases the FFT presented a flat zone of maximum amplitude. For this situation, 
both ends of the range were recorded. These zones are represented on Figure 3-8 in the form of two points 
linked with a dashed line. The complete results about the dominant frequencies can be found on Appendix C. 
Overall the dominant frequencies were between 1.6 and 4 Hz, with a large majority between 1.8 and 3 Hz 
(Fig. 3-8A). The results showed relatively little effect of the longitudinal distance (x-x1)/d1. 
Figure 3-8B shows the characteristic free-surface fluctuation frequency in the hydraulic jump roller as a 
function of the inflow Froude number. The data are shown with the range of data scatter and they are 
compared with the data of MURZYN and CHANSON (2009) obtained with the same type of 
instrumentation, and same sampling rate and duration (50 Hz for 10 min.). Despite some scatter, the data 
were close and showed a slight decrease in dimensionless free-surface frequency with increasing Froude 
number. Both data sets were best correlated by: 
 ( )1
1
1fs Fr27.0exp143.0
V
dF −=  2.4 < Fr1 < 6.5  (3-3) 
with a normalised correlation coefficient of 0.62. Equation (3-3) is compared with the data in Figure 3-8B. 
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Figure 3-7 - Raw fast Fourier transform (left) and smoothed fast Fourier transform (right) of the free surface 
signal output - Flow conditions: d1 = 0.0395 m, x1 = 1.50 m, x-x1 = 0.69 m, Fr1 = 5.1 
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(A) Characteristic free-surface fluctuation frequency as a function of the longitudinal distance from the jump 
toe 
Fr1
Ffs d1/V1
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7
0
0.02
0.04
0.06
0.08
0.1
0.12 Murzyn & Chanson
Present study
0.143 exp(-0.27 Fr1)
 
(B) Dimensionless free-surface fluctuation frequency Ffsd1/V1 as a function of the inflow Froude number - 
Comparison with the experimental data of MURZYN and CHANSON (2009) 
Figure 3-8 - Characteristic free-surface fluctuation frequencies of the free surface fluctuations of hydraulic 
jumps with Froude numbers from 2.4 to 5.1 
 
3.4 Longitudinal and transverse integral length and time scales 
Some simultaneous free surface measurements were performed to characterise the coherent turbulent 
structures located next to the free surface (Fig. 3-9). In the experimental setup, three acoustic displacement 
sensors were located above the free surface of the hydraulic jump. The sensors sampled simultaneously at 50 
Hz for 60 s to characterise non-intrusively the free surface fluctuations. For a given flow rate Q, the 
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reference sensor was located at a longitudinal distance (x-x1) from the jump toe, and the experiment was 
repeated for a range of relative position of the two other sensors; these were separated from the reference 
sensor by the distance Δx and Δz respectively in the longitudinal and transverse directions (Fig. 3-9). The 
experiments were conducted for three different flow conditions: Fr1 = 3.8 (Re = 9.8×104), Fr1 = 4.4 (Re = 
1.1×105), and Fr1 = 5.1 (Re = 1.3×105). The distance between the sensors, Δx in the longitudinal direction 
and Δz in the transverse direction, varied from 41 mm to 230 mm. The sensors were scanned at 50 Hz for 60 
seconds for each configuration, and Table 3-3 summarises the experimental conditions. Figure 3-9 illustrates 
the experimental setup. 
 
Table 3-3 - Experimental conditions of the length and time scale experiments 
 
Q 
(m3/s) 
B 
(m) 
h 
(m) 
x1 
(m) 
d1 
(m) 
δ 
(m) 
Δx 
(mm) 
Δz 
(mm) 
Fr1 Re 
0.049 0.50 0.036 1.50 0.0405 0.0055 41 to 230 41 to 230 3.8 9.8×104 
0.0545 0.50 0.036 1.50 0.0395 0.0184 41 to 230 41 to 230 4.4 1.1×105 
0.0627 0.50 0.036 1.50 0.0395 0.0156 41 to 230 41 to 230 5.1 1.3×105 
 
Note: Q: flow rate; B: channel width; h: gate elevation; x1: longitudinal position of the jump toe; d1: water 
depth immediately upstream of the jump toe; δ: inflow boundary layer thickness (at x = 1.4 m); Δx: 
longitudinal separation distance between the sensors; Δz: transverse separation distance; Fr1: upstream 
Froude number; Re: Reynolds number 
 
 
Figure 3-9 - Photograph of the experimental setup and definition of the longitudinal and transverse 
separation distances Δx and Δz - Flow from left to right: d1 = 39.5 mm, x1 = 1.50 m, Fr = 5.1, Re = 1.3×105 -  
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The cross-correlation function between the signal outputs of the two sensors separated by Δx in the 
longitudinal direction provided some information on the coherence of the free surface fluctuations in the 
longitudinal flow direction. The correlation between the outputs of the two sensors separated transversely by 
Δz yielded a similar information in the transverse direction. The level of correlations characterised the 
existence of coherent turbulent structures beneath and next to the free surface that could be described by 
some correlation length and time scales (App. D). The signal processing is described in details in Appendix 
D. Figure 3-10 shows some typical normalised cross-correlation functions Rxx' and Rxz between the signals of 
the sensors in the longitudinal and transverse direction respectively. In Figure 3-10A, the maximum value of 
Rxx' was obtained for a time lag greater than zero. This was characteristic of the longitudinal cross-correlation 
function Rxx'. In the transverse direction, the maximum correlation coefficient was always obtained for a time 
lag close to zero (Fig. 3-10B). 
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(A) Cross-correlation function Rxx’ - Sensors separated by a longitudinal distance Δx = 90 mm 
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(B) Cross-correlation function Rxz - Sensors separated by a transverse distance Δz = 90 mm 
Figure 3-10 - Normalised cross correlation functions between sensors voltage outputs - d1 = 39.5 mm, x1 = 
1.50 m, Fr1 = 4.4, Re = 1.1×105. 
 
For each set of inflow conditions, and at every streamwise position (x-x1) of the reference sensor, the 
maximum values of the correlation functions Rxx',max and Rxz,max were recorded. The results showed that the 
relationships between Rxx',max and Rxz,max and the separation distances exhibited an exponential decay: 
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where d1 is the free surface elevation upstream of the jump, Rxx',max is the maximum cross-correlation 
coefficient in the longitudinal direction, Rxz,max is the maximum cross-correlation coefficient in the transverse 
direction, and (Δx/d1)30 and (Δz/d1)30 are respectively the dimensionless separation distances for which 
Rxx',max and Rxz,max equal 30% of their maximum value. Note that for Δx = Δz = 0, Rxx',max = Rxz,max = 1. Figure 
3-11 presents a comparison between Equations (3-4) and (3-5) and all the experimental results. The 
normalised correlation coefficient between the data and Equations (3-4) and (3-5) were 0.953 and 0.959 
respectively. Another presentation of the data is available in Appendix E. 
The characteristic parameters (Δx/d1)30 and (Δz/d1)30 were functions of the Froude number Fr1 and of the 
longitudinal distance from the jump toe (x-x1)/d1. The experimental results are presented in Figure 3-12. 
Basically, (Δx/d1)30 and (Δz/d1)30 increased both with an increasing distance from the jump toe (x-x1)/d1. The 
results suggested that the flow region with a cross-correlation coefficient of the free surface fluctuations 
30 
greater than 0.3 enlarged with increasing distance from the jump toe. Further, (Δx/d1)30 yielded higher values 
than (Δz/d1)30. That is, the fluctuations of the free surface were better correlated in the longitudinal direction 
than in the transverse direction. 
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(A) Rxx',max as a function of the longitudinal spacing Δx - Comparison with Equation (3-4) 
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(B) Rxy,max as a function of the transverse spacing Δz - comparison with Equation (3-5) 
Figure 3-11 - Maximum cross-correlation coefficients Rxx’,max and Rxz,max as functions of the longitudinal and 
transverse separation distances. 
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Figure 3-12 - Characteristic parameters (Δx/d1)30 (Left side) and (Δz/d1)30 (Right side) as functions of the 
dimensionless distance (x-x1)/d1 from the jump toe 
 
The correlation functions of the free surface fluctuations were linked with some coherence of the large 
vortical structures interacting with the free surface. Based upon the correlation analyses, some quantitative 
turbulent properties were derived including integral length and time scales. The maximum cross-correlation 
coefficient Rxx',max and Rxz,max results were used to calculate the free surface integral length scales Lxx' and Lxz. 
defined as: 
 ( )∫
Δ
=
maxx
0
max,'xx'xx dXXRL  (3-6) 
 ( )∫
Δ
=
maxz
0
max,xzxz dZZRL  (3-7) 
where X and Z are respectively the longitudinal and transverse separation distances, and Δx max and Δz max 
represent the upper limit of the sensor separation (Δx max = Δz max = 230 mm herein). Figure 3-13 presents the 
integral length scales Lxx' and Lxz as functions of the distances from the jump toe. The experimental results 
showed that the free-surface length scales increased with increasing distance from the jump toe. For a 
streamwise position (x-x1)/d1 from 7 to 23, the longitudinal length scale Lxx' ranged from 1.2d1 to 3.5d1. The 
transverse length scale Lxz ranged from 1.2d1 to 2.6d1 for streamwise positions (x-x1)/d1 between 2 and 23. 
The results were linked with the inflow Froude number Fr1 and the present data were best fitted by: 
 ( )1
1
1
1
'xx Fr545.002.3
d
xx
112.0
d
L −+−=  (3-8) 
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 ( )1
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1
xz Fr371.054.2
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xx
0627.0
d
L −+−=  (3-9) 
At a given longitudinal location, the longitudinal integral length scale Lxx' was slightly larger than the 
transverse length scale Lxz. The result implied that the turbulence was not homogeneous at the free surface of 
the hydraulic jump. The transverse length scale data were compared to the linear fit of MURZYN et al. 
(2007) who performed similar free surface measurements with resistive probes (Fig. 3-13B). Figure 3-13B, 
indicates some agreement between the present data and their data, but close to the jump toe: i.e., for (x-x1)/d1 
> 10. In the present study, some larger transverse length scales Lxz were observed close to the jump toe ((x-
x1)/d1 < 10). 
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(A) Longitudinal free surface integral length scales (B) Transverse free surface integral length scales 
Figure 3-13 - Longitudinal and transverse free surface integral length scales - Comparison between 
experimental data and Equations (3-8) and (3-9) 
 
The variations of the integral length scales Lxx' and Lxz were linked to those of (Δx/d1)30 and (Δz/d1)30 (Eq. (3-
4) & (3-5)). This is indeed a consequence of the self-similarity of maximum cross-correlation coefficient 
distributions. Combining Equations (3-4) and (3-5) with Equations (3-6) and (3-7), the following theoretical 
relationships may be derived: 
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The integral length scales Lxx' and Lxz are simply proportional to (Δx/d1)30 and (Δz/d1)30 respectively, 
notwithstanding some correction accounting for Δxmax and Δzmax not being infinity. When Δxmax and Δzmax 
tend to infinity, Equations (3-10) and (3-11) become respectively: 
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The evolution of Lxx’ and Lxz would then be proportional to (Δx/d1)30 and (Δz/d1)30, whose evolutions are 
presented in Figure 3-12. A comparison between Figures 3-12 and 3-13 shows the close agreement in trends. 
 
Integral time scales 
The analysis of the longitudinal and transverse cross-correlation functions provided some information on the 
free surface turbulence time scales. For each separation distance Δx or Δz between the sensors, the 
correlation time scales Txx’ and Txz were calculated as: 
 ∫
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where τ is a time lag. Txx' and Txz are sketched in Figures 3-10A and 3-10B. Txx' represents a time scale 
characteristic of the free surface coherent structures on a length span Δx in the longitudinal direction. Txz is a 
characteristic time of the free surface coherent structures in the transverse direction on a length span Δz. 
The correlation time scales were used to estimate the turbulent integral time scales TX and TZ: 
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where X and Z are the separation distances respectively in the longitudinal and transverse directions. The 
turbulent integral time scale TX represents the time scale of large free surface structures in the longitudinal 
direction. It integrates in space the correlation time scales at each position Δx, weighted by the maximum 
cross-correlation coefficient Rxx',max. TZ represents the time scale of large free surface structures in the 
transverse direction. 
The experimental data in terms of the integral time scales TX and TZ are presented in Figure 3-14. In Figure 
3-14, the term (d1/g)1/2 represents a characteristic time of the free surface flow. Despite some scatter, the data 
34 
exhibited a linear increase in integral turbulent time scales with increasing distance from the jump toe. The 
trend was possibly linked with an increase in large coherent structure sizes and slower convection velocities 
with increasing distance from the jump toe. The data were further independent of the Froude and Reynolds 
numbers within the range of the experimental conditions (Table 3-3). Overall the integral turbulent time 
scales were best correlated by: 
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with a normalised correlation coefficient of 0.82 and 0.78 respectively. The integral time scales were 
observed to be very similar in the longitudinal and transverse directions, although the integral length scale 
data showed differences between transverse and longitudinal results (Fig. 3-13). Equations (3-18) and (3-19) 
are compared with the experimental data in Figure 3-14A and 3-14B respectively. 
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(A) Evolution of TX along the jump (B) Evolution of TZ along the jump 
Figure 3-14 - Longitudinal and transverse integral time scales as functions of the longitudinal distances from 
the jump toe - Comparison with Equations (3-18) and (3-19) 
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4. Air water flow properties 
Breaking hydraulic jumps are characterised by some significant air bubble entrainment and intense 
turbulence, thus resulting in a complex two-phase flow. Earlier experimental investigations included 
RAJARATNAM (1962,1965), RESCH and LEUTHEUSSER (1972), CHANSON (1995,1997a,2007,2010), 
CHANSON and BRATTBERG (2000), MURZYN et al. (2005,2007), GUALTIERI and CHANSON (2007), 
KUCUKALI and CHANSON (2008), MURZYN and CHANSON (2008,2009). This section presents new 
information on the air-water flow structure and characteristics of hydraulic jumps with relatively low Froude 
numbers. Four experiments were performed with inflow Froude numbers between 3.1 and 5.1, corresponding 
to Reynolds numbers between 8.9×104 and 1.3×105. Table 4-1 details the experimental conditions. The first 
part of the section presents basic results such as void fraction and bubble frequency. The second part 
concerns further parameters, including interfacial velocities, turbulent intensities and probability density 
functions of bubble chord times. 
Note that the upstream supercritical flow was non-aerated as illustrated by high-speed photographs (App. H). 
 
Table 4-1 - Experimental investigation of air-water flow properties in hydraulic jumps (present study) 
 
Q 
(m3/s) 
B 
(m) 
h 
(m) 
x1 
(m) 
d1 
(m) 
δ 
(m) 
Fr1 Re x - x1 
(m) 
0.0446 0.5 0.036 1.50 0.0440 0.0051 3.1 8.9×104 0.040 
0.075 
0.150 
0.300 
0.0490 0.5 0.036 1.50 0.0405 0.0055 3.8 9.8×104 0.075 
0.150 
0.300 
0.450 
0.0545 0.5 0.036 1.50 0.0395 0.0184 4.4 1.1×105 0.150 
0.300 
0.450 
0.0627 0.5 0.036 1.50 0.0395 0.0156 5.1 1.3×105 0.150 
0.300 
0.450 
0.600 
 
Note: Q: flow rate; B: channel width; h: gate elevation; x1: longitudinal position of the jump toe; d1: water 
depth immediately upstream of the jump; δ: inflow boundary layer thickness (at x = 1.4 m); Fr1: upstream 
Froude number; Re: Reynolds number; x: longitudinal position of the investigated cross-sections 
 
4.1 Basic results 
4.1.1 Void fraction profiles 
In the hydraulic jump roller, two distinct air-water flow regions were identified: the lower region dominated 
by the developing turbulent shear layer; and the upper part consisting in the free surface region characterised 
by large void fraction, splashes and recirculation areas. Figure 4-1 presents a typical void fraction 
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distribution in the roller of hydraulic jumps with partially-developed inflow conditions (δ/d1 < 1). The void 
fraction C reached a local maximum Cmax in the air-water shear layer at an elevation yCmax, and the elevation 
y* marked the vertical elevation above which the void fraction increased monotically to unity (Fig. 4-1). 
Both definitions are shown in Figure 4-1. In the present study, the boundary layer thickness immediately 
upstream of the jump toe (x = 1.40 m) ranged from δ/d1 = 0.12 to 0.4. 
In the developing shear layer, the void fraction data were compared successfully with an analytical solution 
of the advective diffusion equation for air bubble in a uniform flow (CHANSON 1997a,2010): 
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where Cmax is the maximum void fraction in the shear layer, located at the vertical elevation yCmax, D# is the 
dimensionless turbulent diffusivity: D# = Dt/(V1d1), Dt is the turbulent diffusivity assumed constant at a given 
longitudinal position, and d1 and V1 are respectively the inflow depth and velocity. Figure 4-2 presents some 
typical void fraction profiles at different longitudinal locations for several inflow Froude numbers, and the 
data are compared with Equation (4-1). Note that the variations in turbulent diffusivity D# are discussed later. 
The complete data sets are available in Appendix F. 
 
 
Figure 4-1 - Sketch of the vertical distribution of void fraction in the hydraulic jump roller 
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(A) Fr1 = 3.1 
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(D) Fr1 = 5.1 
Figure 4-2 - Dimensionless distributions of void fraction in the hydraulic jump roller - Comparison between 
experimental data and Equation (4-1) 
 
In the developing shear layer, the maximum void fraction Cmax was seen to decrease with increasing distance 
from the impingement point (x-x1) (Fig. 4-2). Figure 4-3 presents the evolution of Cmax with the 
dimensionless streamwise position. The full data set is reported in Appendix I. The data showed some effect 
of the inflow Froude number, and they are compared with earlier experimental data by CHANSON 
(2007,2010) for a Froude number of 5.1. A good agreement was observed between the different sets of data. 
The experimental data exhibited a behaviour that was best correlated by: 
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where the dimensionless parameter a was a function of the flow conditions. The normalised correlation 
coefficients between the present data and Equation (4-2) were all above 0.96. Equation (4-2) is shown in 
Figure 4-3 for Fr1 = 4.4. 
The depth-averaged void fraction Cmean is another parameter describing the rate of air entrainment in the 
hydraulic jump. The depth-averaged void fraction Cmean is defined as:  
 ∫= 90
y
090
mean dyCy
1C  (4-3) 
where y90 is the vertical elevation corresponding to a void fraction of 90% (Fig. 4-1). For y > y90, the liquid 
fraction corresponded primarily to splashing. The longitudinal variation of Cmean is presented on Figure 4-4 
and the full data set is reported in Appendix I. The experimental results showed some decrease in depth-
averaged void fraction with increasing distance from the jump toe, as buoyancy effects induced some bubble 
migration towards the free surface associated with some de-aeration of the flow. 
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Figure 4-3 - Dimensionless longitudinal distribution of maximum void fraction Cmax in the air-water shear 
layer - Comparison between experimental data and Equation (4-2) (with a = 0.93 & Fr1 = 4.4) 
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Figure 4-4 - Dimensionless longitudinal distribution of mean void fraction Cmean 
 
The average dimensionless turbulent diffusivity D# (Eq. (4-1)) was recorded at all longitudinal locations for 
all flow conditions. The results are presented in Table 4-2 and Figure 4-5. The values of the dimensionless 
coefficient D# = Dt/(d1 V1) ranged between 0.017 and 0.060, corresponding to Dt between 0.0028 and 0.0059 
m2/s (Table 4-2). Figure 4-5 presents D# as a function of the dimensionless distance to the jump toe (x-x1)/d1. 
The results are compared to the experimental results of CHANSON and BRATTBERG (2000) and 
CHANSON (2010). Despite some scatter, the dimensionless turbulent diffusivity data D# were within the 
same order of magnitude, ranging from 0.02 to 0.06, and the results were basically independent of the 
longitudinal distance from the jump toe (Fig. 4-5). The finding differed from experimental data obtained in 
hydraulic jumps with large Froude numbers (CHANSON 2010). 
 
Table 4-2 - Turbulent diffusivity coefficient in the developing shear layer 
 
x1 
(m) 
d1 
(m) 
Fr1 Re (x-x1)/d1 D# Dt 
(m2/s) 
1.50 0.044 3.1 8.9×104 0.91 
1.70 
3.41 
6.82 
0.022 
0.017 
0.030 
0.030 
0.0020 
0.0015 
0.0027 
0.0027 
1.50 0.0405 3.8 9.8×104 1.81 
3.81 
7.23 
10.8 
0.040 
0.060 
0.030 
0.030 
0.0039 
0.0059 
0.0029 
0.0029 
1.50 0.0395 4.4 1.1×105 3.80 
7.59 
11.4 
0.023 
0.050 
0.030 
0.0025 
0.0055 
0.0033 
1.50 0.0395 5.1 1.3×105 3.80 
7.59 
11.4 
15.2 
0.022 
0.040 
0.050 
0.035 
0.0028 
0.0050 
0.0063 
0.0044 
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Note: Dt was derived from the best fit between the void fraction data and Equation (4-1). 
 
(x-x1)/d1
D
t/(
V
1.d
1)
0 2 4 6 8 10 12 14 16 18 20 22 24 26
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.1
0.2
Fr1 = 3.1 Present study
Fr1 = 3.8 Present study
Fr1 = 4.4 Present study
Fr1 = 5.1 Present study
Fr1 = 6.3 CHANSON & BRATTBERG (2000)
Fr1 = 8.5 CHANSON & BRATTBERG (2000)
Fr1 = 5.1 CHANSON (2010)
Fr1 = 7.5 CHANSON (2010)
 
Figure 4-5 - Dimensionless turbulent diffusivity Dt/(V1d1) as a function of the dimensionless distance to the 
jump toe (x-x1)/d1 
 
4.1.2 Bubble count rate distributions 
The bubble count rate F was defined as the number of air bubbles detected by the conductivity probe leading 
tip per unit time at a given location (x, y). The bubble count rate distributions were recorded for a range of 
experimental flow conditions (Table 4-1). Figure 4-6 presents some typical vertical distributions of 
dimensionless bubble count rates F d1/V1. The data presented some profiles that were comparable to the 
earlier results of CHANSON and BRATTBERG (2000), MURZYN et al. (2005), CHANSON (2007), and 
MURZYN and CHANSON (2009). They highlighted a maximum bubble count rate in the air-water shear 
layer. KUCUKALI and CHANSON (2008) suggested that the peak in bubble count rate Fmax, or maximum 
bubble count rate, was linked with "high levels of turbulent shear stresses that break up the entrained air 
bubbles into finer air entities". The small air entities entrained by the high velocities in the air-water shear 
flow resulted in an important number of bubbles impacting the conductivity probe tips. 
Figure 4-7 presents the maximum bubble count rate Fmax as a function of the dimensionless distance to the 
toe for all Froude numbers. The full data set is reported in Appendix I. The experimental results showed that 
the maximum count rate Fmax decreased with increasing distance from the jump toe for a given inflow Froude 
number; it was seen also to increase with increasing Froude number at a given location. 
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(D) Fr1 = 5.1 
Figure 4-6 - Dimensionless distribution of bubble count rate F d1/V1 in the hydraulic jump roller 
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Figure 4-7 - Longitudinal distribution of maximum bubble count rate Fmax (Present study) 
 
4.2 Turbulent flow properties 
Interfacial velocity profiles 
The dual-tip conductivity probe was used to measure the air-water interfacial velocity. The cross-correlation 
function between the signals from both tips provided the average travel time between the probe sensors, and 
the velocity was deduced from the known distance between the probe tips (Δxtip = 7.12 mm). However, in the 
flow regions where the sign of the velocity changed rapidly during the sampling period (45 s), no meaningful 
travel time could be derived from the cross-correlation analyses. This was typical in the upper shear layer. In 
this region, the large eddies induced some velocity fluctuations between positive and negative values. In the 
recirculation region, some negative velocities were recorded, and the two tips of the conductivity probe were 
in the "wake" of the support of the probe. As a result, some probe outputs were meaningless. 
Figure 4-8 presents typical dimensionless distributions of interfacial velocities V/V1 in the roller, where V1 is 
the depth-averaged inflow velocity. In each figure, the zero lines for the velocity origin were shown in 
dashed. The experimental results highlighted some key features for all inflow Froude numbers. Namely, the 
high-velocity jet for y/d1 < 1, the shear zone with a high-velocity gradient ∂V/∂y, and the recirculation region 
above where V < 0. 
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(A) Fr1 = 3.1, Re = 8.9×104, d1 = 0.044 m, x1 = 1.50 m 
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(B) Fr1 = 3.8, Re = 9.8×104, d1 = 0.0415 m, x1 = 1.50 m 
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(C) Fr1 = 4.4, Re = 1.1×105, d1 = 0.0395 m, x1 = 1.50 m 
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(D) Fr1 = 5.1, Re = 1.3×105, d1 = 0.0395 m, x1 = 1.50 m 
Figure 4-8 - Dimensionless velocity distributions in the hydraulics jump roller 
 
Turbulence intensity 
The turbulence level Tu characterised the fluctuations of the interfacial velocity. The turbulence intensity 
was derived from a cross correlation analysis between the two probe sensor signals. The method was based 
on the relative width of the auto- and cross-correlation functions (CHANSON and TOOMBES 2002). 
Figure 4-9 presents some typical distributions of the turbulence intensity in the investigated hydraulic jumps. 
Tu was seen to decrease with increasing distance from the jump toe for a given Froude number. Within a 
cross section, Tu increased with increasing distance from the bed. 
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(B) Fr1 = 3.8, Re = 9.8×104, d1 = 0.0415 m, x1 = 1.50 m 
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(C) Fr1 = 4.4, Re = 1.1×105, d1 = 0.0395 m, x1 = 1.50 m 
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(D) Fr1 = 5.1, Re = 1.3×105, d1 = 0.0395 m, x1 = 1.50 m 
Figure 4-9 - Dimensionless distributions of streamwise turbulence intensity Tu in hydraulic jump rollers 
 
Turbulent integral time scales 
Further processing of the dual-tip conductivity probe signal output provided the time scales of turbulence of 
the bubbly flow region. The technique was developed by CHANSON (2007) and CHANSON and CAROSI 
(2007b). The integral time scale Txx was deduced from the integration of the normalised auto-correlation 
function (section 2.1.2) and it characterised the longitudinal flow structure. The complete data set of 
autocorrelation time scales is presented in Appendix G. 
Figure 4-10 shows the vertical distributions of the integral time scales Txx for four Froude numbers. The 
experimental results showed that the integral time scales increased with increasing vertical elevation for a 
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given Froude number and a given cross-section. Txx represented an indicator of the time scale of the largest 
coherent structures in the air-water shear layer. The smallest integral time scales were observed close to the 
channel bed, where the channel invert prevented the development of large vortices. At a given depth y/d1, Txx 
tended to decrease with increasing longitudinal distance from the jump toe. Quantitatively, the turbulent time 
scales were smaller than 15 ms. 
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(C) Fr1 = 4.4 
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(D) Fr1 = 5.1 
Figure 4-10 - Vertical distribution of auto-correlation time scale Txx in hydraulic jump rollers 
 
4.3 Bubble chord time distributions 
The probability distribution functions of bubble chord times were investigated. The bubble chord time was 
defined as the time spent by the bubble on the probe tip. Figure 4-11 presents the probability distribution 
function of the bubble chord times at the elevation yFmax, where the bubble count rate was maximum (F = 
Fmax), for four Froude numbers. The small bubble chord times corresponded to small bubbles passing rapidly 
on the probe tips, while large chord times implied large air packets flowing slowly past the probe sensor. The 
data are presented as a series of histograms. Each histogram column represents the probability of bubble 
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chord time in a 0.5 ms chord time interval. For example, the probability of bubble chord time between 1 and 
1.5 ms is represented by the column labelled 1 ms. Bubble chord times larger than 10 ms are regrouped in 
the last column. The experimental data showed a broad spectrum of chord times at the investigated locations. 
The bubble chord times measured ranged from less than 0.5 ms to more than 10 ms. The chord times smaller 
than 2 ms were clearly predominant in every case with the largest probability between 0.5 and 1 ms. 
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(D) Fr1 = 5.1 
Figure 4-11 - Bubble chord time distributions at the characteristic elevation yFmax where F = Fmax in the air-
water shear layer of hydraulic jumps 
 
Bubble clustering 
The entrained bubbles interact with the turbulence structures, yielding to some turbulent dissipation and the 
formation of bubble clusters (CHANSON 2007). The study of bubble clustering is relevant to infer whether 
the formation frequency responds to some particular frequencies of the flow. In hydraulic jumps, the 
clustering index may provide a measure of the vorticity production rate, of the level of bubble-turbulence 
interactions and of the associated energy dissipation. Altogether both macro- and micro-scopic air-water 
flow properties are required to characterise completely the hydraulic jump flow. 
The present experimental results demonstrated a broad spectrum of bubble chord times extending over 
several orders of magnitude and the distributions of chord times were skewed with a preponderance of small 
bubbles relative to the mean (Fig. 4-11). Some advanced signal processing provided further information on 
the longitudinal structure of the air-water flow including bubble clustering. When two bubbles are closer 
than a particular time/length scale, they can be considered a group of bubbles: i.e., a cluster. The 
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characteristic water time/length scale may be related to the water chord statistics or to the near-wake of the 
preceding particle (CHANSON and TOOMBES 2002, CHANSON and CAROSI 2007a). Herein the latter 
approach was applied following CHANSON et al. (2006) and CHANSON (2010). Two bubbles were 
considered parts of a cluster when the water chord time between two consecutive bubbles was less than the 
bubble chord time of the lead particle. That is, when a bubble trailed the previous bubble by a short 
time/length, it was in the near-wake of and could be influenced by the leading particle. Note that the criterion 
is based upon a comparison between the local, instantaneous characteristic time scales of the air-water flow. 
It did not rely upon the velocity measurement technique, but it implies that the streamwise velocity is 
positive. Further the criterion is independent of the local air-water flow properties. 
Figure 4-12 presents some typical characteristic properties of the bubble clusters in the developing shear 
layer. All the data were recorded at the characteristic location (y = yFmax) where the bubble count rate was 
maximum (F = Fmax). Figure 4-12 includes the longitudinal distributions of number of clusters per second, 
the percentage of bubbles in clusters, the average number of bubbles per cluster, the probability distribution 
function of the number of bubbles per cluster (for Fr1 = 3.1), and the ratio of lead bubble chord to average 
cluster bubble chord. 
The experimental results showed systematically a number of trends. The number of clusters per second was 
substantial in the air-water shear layer, reaching up to 22 clusters per second for Fr1 = 5.1. Further the 
number of clusters decreased rapidly with increasing longitudinal distance (Fig. 4-12A). The present data 
showed an exponential decay in the number of clusters: 
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where Nc is the number of clusters per second. 
The experimental results highlighted that a large proportion of bubbles were parts of a cluster structure in the 
air-water shear zone. That is, up to half of all bubbles at the beginning of the shear layer ((x-x1)/d1 < 5), and 
the percentage of bubbles in clusters decreased with increasing longitudinal distance (Fig. 4-12B). The 
present findings differed from the results of CHANSON (2010) who found up to one third of bubbles in 
clusters; it is believed that the key difference was the differences in Froude numbers as well as the larger 
Reynolds number range investigated herein (9×104 < Re < 1.3×105). 
On average, the number of bubbles per cluster ranged from 2.7 down to 2.3 and decreased with increasing 
distance from the jump toe (Fig. 4-12C). The longitudinal pattern is illustrated in Figure 4-12D showing the 
probability distribution function of the number of bubbles per clusters at three longitudinal locations for one 
experiment (Fr1 = 3.1). In a cluster, the lead bubble was followed by a group of bubbles. Figure 4-12E 
presents the ratio of the lead bubble chord to average cluster bubble chord. The data showed that the lead 
bubble chord was larger on average that the typical cluster bubble chord; the ratio of lead bubble chord to 
mean cluster bubble chord ranged from 1.4 down to 1.15, decreasing with increasing distance from the jump 
toe (Fig. 4-12E). 
It is important to stress however that the present data analysis was focused on the longitudinal air-water 
structure and did not consider any bubble travelling side-by-side. 
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(A, Left) Dimensionless number of cluster per second Ncd1/V1 
(B, Right) Percentage of bubbles in clusters 
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(C, Left) Number of bubbles per cluster 
(D, Right) Probability distribution functions of the number of bubbles per cluster for Fr1 = 3.1 
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(E) Ratio of lead bubble chord to average cluster bubble chord 
Figure 4-12 - Characteristic properties of bubble clusters in the air-water shear layer at the locations where F 
= Fmax (y = yFmax) 
 
A comparative analysis was performed on the chord times of cluster bubbles and the whole bubble 
population. A typical result is shown in Figure 4-13. The distributions of bubble chord times showed only 
some small differences between the bubbles in cluster structures and the whole bubble population. There was 
no obvious preferential bubble chord times in the clusters as shown in Figure 4.13. 
The findings contradict the results of CHANSON (2007) based upon an inter-particle arrival time analysis. It 
is believed that some assumptions underlying the inter-particle arrival time analysis were incorrect in the 
developing shear layer of hydraulic jumps (EDWARDS and MARX 1995). The method assumed an ideal 
dispersed flow driven by a superposition of Poisson processes assuming non-interacting particles. In the air-
water shear layer, the bubbles were subjected to a wide range of interactions including bubble trapping in the 
large coherent structure, breakup by turbulent shear, bubble collisions and bubble coalescence. 
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(B) x-x1 = 0.450 m, F = Fmax = 29.4 Hz, Nc = 3.8 Hz 
Figure 4-13 - Probability distribution functions of bubble chord time in the air-water shear layer - 
Comparison between cluster bubbles and all bubble population - Fr1 =4.4, Re = 1.1×105, d1 = 0.0395 m, x1 = 
1.50 m 
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5. Simultaneous free surface and void fraction measurements 
In open channel flows with large free surface fluctuations, the free surface deformations and discontinuity 
cause some air entrapment. HORNUNG et al. (1995) detailed how this phenomenon generates vorticity. 
MURZYN and CHANSON (2009) conducted the first simultaneous measurements of free surface and void 
fraction fluctuations. In this section, new experiments are presented. The experimental technique was similar 
to the technique used by MURZYN and CHANSON (2009), but the experiments were performed for 
different flow conditions. 
For a series of experiments, the air-water flow properties and free surface fluctuations were measured 
simultaneously (Table 5-1) using an acoustic displacement meter Mic+25/IU/TC and the double-tip 
conductivity probe. The two instruments were located on the centreline of the channel and vertically aligned: 
that is, the center of the acoustic displacement meter sampling surface was aligned vertically with the 
conductivity probe leading tip. For each longitudinal position (x-x1), several records were performed for 
different vertical elevations of the conductivity probe sensor. The acoustic sensor and the conductivity probe 
were sampled simultaneously at 5 kHz for 45 s. Table 5-1 presents the experimental conditions of the study. 
Figure 5-1 shows the experimental setup. 
 
  
Figure 5-1 - Photographs of the experimental setup, with the arrow indicating the flow direction - Note the 
conductivity probe and the acoustic displacement meter vertically aligned - Flow conditions: d1 = 0.0415 m, 
x1 = 1.50 m, Fr1 = 3.8, Re = 9.8×104 
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Figure 5-2 - Output signals of the conductivity probe and acoustic displacement meter after filtering and 
processing - Flow conditions: d1 = 0.0405 m, x1 = 1.50 m, Fr1 = 3.8, Re = 8.9×104 
 
Table 5-1 - Experimental conditions for simultaneous measurements of free-surface fluctuations and air-
water flow properties (Present study) 
 
Q 
(m3/s) 
B 
(m) 
h 
(m) 
x1 
(m) 
d1 
(m) 
δ 
(m) 
Fr1 Re x - x1 
(m) 
0.0490 0.5 0.036 1.50 0.0405 0.0055 3.8 9.8×104 0.150 
0.300 
0.450 
0.0545 0.5 0.036 1.50 0.0395 0.0184 4.4 1.1×105 0.150 
0.300 
0.450 
0.0627 0.5 0.036 1.50 0.0395 0.0156 5.1 1.1×105 0.150 
0.300 
0.450 
 
Note: Q: flow rate, B: channel width, h: gate elevation, x1: longitudinal position of the jump toe, d1: water 
depth immediately upstream of the jump toe, δ: inflow boundary layer thickness (at x = 1.40 m), Fr1: 
upstream Froude number, Re: Reynolds number, x: longitudinal position of the investigated cross-sections 
(streamwise position). 
 
The same signal processing method was applied to the output signals of the sensors. The raw output signal of 
the conductivity probe was converted into a binary file of instantaneous void fraction being 0 for water and 1 
for air. The signal was then filtered using a band pass 0-25 Hz. The filtering aimed to remove any electrical 
noise and high-frequency signal component with a frequency greater than the dynamic response of the 
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sensor. The low-pass filtered signal was averaged over 100 points. The output was then linearly interpolated 
using a constant interval time 0.02 s to facilitate the correlation analysis (2). Figure 5-2 shows an example of 
filtered output signals of the conductivity probe and the acoustic sensor. 
The analysis of the cross-correlation functions between the instantaneous void fraction Cinst and 
instantaneous vertical elevation ηinst exhibited two different trends depending upon the vertical elevation y of 
the conductivity probe sensor. When the conductivity probe sensor was located in the upper part of the flow 
(y/d1 > 2), the peak in cross-correlation for zero time lag was negative (Fig. 5-3A), while this peak was 
positive for y/d1 < 2 (Fig. 5-3B). Figure 5-3A presents a typical cross-correlation function between the probe 
output (leading tip) and the displacement sensor output, when the conductivity probe sensor was located in 
the upper part of the flow: i.e., the peak for zero time lag was negative. At a vertical location above the 
"mean" free surface elevation measured by the acoustic sensor, an increase in instantaneous void fraction 
Cinst characterised a void and was associated with a decrease in instantaneous free surface elevation ηinst, 
hence the negative correlation. 
Figure 5-3B presents a typical cross-correlation function when the conductivity probe sensor was located in 
the lower flow region (y/d1 < 2). Note the positive peak in the correlation function for zero time lag. An 
increase in instantaneous void fraction was linked with an increase in free surface elevation. The cross-
correlation function between free surface elevation and instantaneous void fraction thus exhibited a positive 
peak. Note that the results exhibited significant cross-correlation functions at low elevations, only at the 
closest locations to the jump toe. These locations were: (x-x1)/d1 = 3.70 for Fr1 = 3.8, (x-x1)/d1 = 3.80 for Fr1 
= 4.4 and (x-x1)/d1 = 3.80 for Fr1 = 5.1. These regions of positive correlations corresponded to the developing 
shear layer in the breaking jump. Note further that the cross-correlation functions exhibited some quasi-
periodic patterns with increasing time lag as observed by MURZYN and CHANSON (2009). 
Overall, the cross-correlation function exhibited a tendency to be negative. It was assumed to be caused by 
the slow longitudinal fluctuations of the position of the jump toe. If the toe moved forward, the free surface 
elevation at a position downstream of the toe increased, and the void fraction at a given vertical elevation 
decreased, hence a negative correlation. This phenomenon happened at a low frequency: it did not affect the 
instantaneous fluctuations of the cross-correlation function but added a negative constant to it. 
The maximum values RηC,max of the cross-correlation functions between the instantaneous void fraction Cinst 
and free-surface elevations ηinst were recorded. These gave some measure of the peak amplitude. For 
example, RηC,max = -0.42 in Figure 5-3A and RηC,max = +0.15 in Figure 5-3B. Figure 5-4 presents the vertical 
distribution of RηC,max at a longitudinal position close to the jump toe for different Froude numbers. On each 
graph, the time-averaged void fraction is plotted also. Figure 5-4 shows clearly the positive values of RηC,max, 
in the lower elevations and the negative values in the upper flow region. 
 
                                                     
2 The technique was identical to that developed by MURZYN and CHANSON (2009), but it was applied herein to the 
45 s long signals, instead of 12 s long signals. 
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(B) y/d1 = 1.56 
Figure 5-3 - Cross-correlation functions RηC,: (A) in upper part of the flow (foam and splashing region) and 
(B) in the lower part of the flow (i.e. developing shear layer) - Flow conditions: d1 = 0.0405 m, x1 = 1.50 m, 
(x-x1)/d1 = 3.70, Fr1 = 3.8, Re = 8.9×104 
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(A) d1 = 0.0405 m, x1 = 1.50 m, (x-x1)/d1 = 3.70, Fr1 = 3.8, Re = 9.8×104 
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(B) d1 = 0.0395 m, x1 = 1.50 m, (x-x1)/d1 = 3.80, Fr1 = 4.4, Re = 1.1×105 
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(C) d1 = 0.0395 m, x1 = 1.50 m, (x-x1)/d1 = 3.80, Fr1 = 5.1, Re = 1.3×105 
Figure 5-4 - RηC,max as a function of the dimensionless vertical elevation y/d1 
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6. Discussion 
6.1 Definition of the air-water fee-surface 
A key query is the physical significance of the time-averaged free-surface elevation η measured by the 
acoustic displacement meters. While the acoustic displacement meter technique was robust, simple and non-
intrusive, the sensors were not designed to detect a highly aerated, dynamic free-surface. MURZYN and 
CHANSON (2009) argued that the time-averaged free-surface elevation η characterised the upper free-
surface region (η > y*, Fig. 4-1) that was typically a thin layer where the void fraction was basically larger 
than 20%, increasing monotonically towards unity. 
A comparative analysis was conducted between the acoustic displacement meter and void fraction data. The 
time-averaged free-surface elevation recorded with the acoustic displacement meter was compared with the 
void fraction profile measured with the leading tip of the dual-tip conductivity probe. Some results are 
presented on Figure 6-1 where yCmax is the vertical elevation where C = Cmax, y* is defined as the boundary 
between the turbulent shear layer and the upper part of the flow dominated by free surface strong 
fluctuations, and y90 is the characteristic elevation where C = 90%. Figure 6-1 shows that the free-surface 
measurement η of the acoustic displacement sensor was slightly above the characteristic location y* for all 
investigated Froude numbers and that: 
 
1
90
111
maxC
d
y
dd
*y
d
y
1 <η<<<  (6-1) 
where d1 is the upstream flow depth. The results showed that the free-surface elevation measured by the 
acoustic displacement sensor was within the upper free-surface region (Fig. 4-1). This region was typically a 
thin air-water layer in which the void fraction increased rapidly from 20% to 90%. The present findings 
complemented the results of MURZYN and CHANSON (2009), and Equation (6-1) narrowed the physical 
measure of the free-surface location in hydraulic jump (y* < η < y90) (Fig. 6-1). Importantly the findings 
were found to be valid over a wide range of turbulent hydraulic jumps with Froude numbers between 3.1 and 
8.5. 
The time-averaged free-surface elevation data η was further compared with the equivalent clear-water depth 
d deduced from the void fraction distribution: 
 ∫ −= 90
y
0
dy)C1(d  (6-2) 
The results are presented in Figure 6-2 for the present data set. Note that the characteristic elevation y* and 
y90 are also reported in Figure 6-2 for completeness. The results showed a close agreement between the 
equivalent clear water depth deduced from the void fraction distribution (Eq. (6-1)) and the time-averaged 
free-surface elevation η measured with the acoustic displacement meter. This is illustrated in Figure 6-3 for 
two upstream Froude numbers. Overall the approximation η ≈ d was correlated with a normalised coefficient 
of 0.97. 
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Figue 6-1 - Comparison of free surface and void fraction measurements using acoustic displacement sensor 
and phase-detection conductivity probe - Data: Present study (Red symbols, 3.1 < Fr1 < 5.1), MURZYN and 
CHANSON (2009) (Black symbols, 5.1 < Fr1 < 8.5) 
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Figure 6-2 - Comparison of free surface elevation η and equivalent clear water depth d (Present study, 3.1 < 
Fr1 < 5.1) 
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Figure 6-3 - Dimensionless longitudinal free-surface profiles of hydraulic jumps: comparison between the 
time-averaged free surface elevation η/d1 and equivalent clear water depth d/d1 for Fr1 = 3.1 and 4.4 
 
6.2 Dynamic similarity and scale effects 
In a hydraulic jump, both gravity effects and turbulent shear forces are significant, although it is impossible 
to satisfy simultaneously the Froude and Reynolds dynamic similarities with a geometrically-scaled model 
using air and water (section 1.2). Herein the validity of the Froude similitude was tested for Fr1 = 5.1 with 
respect to the two-phase flow properties, including the distributions of void fraction, bubble count rate, 
interfacial velocity, turbulence intensity and integral turbulent time scales, as well as the probability 
distribution functions of bubble chord times and clustering properties. The present experiments were 
compared with the earlier data sets of CHANSON and GUATIERI (2008) and MURZYN and CHANSON 
(2008) (Table 6-1). The four data sets were geometrically similar based upon a Froude similitude with 
undistorted scale (section 1.2). The geometric scaling ratio was Lscale = 3.3 between the largest and smallest 
series of experiments (d1 = 0.04 and 0.012 m respectively) where Lscale is the geometric scaling ratio defined 
as the ratio of prototype to model dimensions. Note that all the experiments were conducted in hydraulic 
jumps with partially-developed inflow conditions. The experiments were selected for Fr1 = 5.1 with identical 
upstream distance x1/d1 between gate and jump toe, and the two-phase flow measurements were performed in 
the developing air-water flow region at cross-sections such that (x-x1)/d1 ≤ 15. 
Typical comparative results are presented in Figures 6-4, 6-5, 6-6 and 6-7. The data showed drastic scale 
effects in the smaller hydraulic jumps in terms of void fraction and bubble count rate distributions. The 
results highlighted consistently a more rapid de-aeration of the jump roller with decreasing Reynolds number 
for a given inflow Froude number for Re < 68,000, an absence of self-similarity of the void fraction profiles 
in the developing shear layer for Re < 40,000 (Fig. 6-4A), and an increasing dimensionless bubble count rate 
with increasing Reynolds number for a given inflow Froude number (Fig. 6-4B). In Figure 6-4A, the void 
fraction profiles in the air-water shear layer followed Equation (4-1) for Re = 125,000 and 68,000 but were 
basically flat for Re = 25,000 and 38,000. The bubble count rate data highlighted a monotonic increase in 
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maximum bubble count rate Fmaxd1/V1 with no asymptotic trend within the range of investigated flow 
conditions (Fig. 6-4B & 6-5). This is illustrated in Figure 6-5 showing the dimensionless maximum bubble 
count rate in the air-water shear layer as a function of the Reynolds number for several dimensionless 
longitudinal locations. The data highlighted a monotonic trend at all locations. 
The turbulent properties (Tu, Txx) showed also some scale effects (Fig. 6-6). In the air-water shear zone, the 
turbulence intensity was larger and the integral time scales were smaller for the largest Reynolds numbers, at 
the same given dimensionless location and for an identical Froude number. Further the bubble chord time 
distributions were not scaled according to a Froude similitude (Fig. 6-7). Comparatively larger bubble chord 
times were observed at low Reynolds numbers. This is seen in Figure 6-7 presenting the normalised 
probability distribution functions of dimensionless bubble chord times. The present results supported the 
earlier findings (CHANSON and GUALTIERI 2008, MURZYN and CHANSON 2008), and they extended 
the findings to a broader range of air-water flow properties and Reynolds numbers. 
 
Table 6-1 - Physical modelling of air-water flow properties in hydraulic jumps at relatively small Froude 
numbers based upon an undistorted Froude similitude with air and water 
 
Reference B x1 d1 Fr1 Re Instrumentation x-x1 Cmax Fmax 
 (m) (m) (m)    m  (Hz)
Present study 0.50 1.5 0.0395 5.1 1.3×105 Dual-tip conductivity 
(∅ 0.25 mm) sampling: 
20 kHz for 45 s 
0.150 
0.300 
0.450 
0.600 
0.203 
0.192 
0.070 
0.050 
106.8
87.2 
56.9 
40.0 
CHANSON & 
GUALTIERI 
(2008) 
0.50 1.0 0.024 5.1 6.8×104 Single-tip conductivity 
(∅ 0.35 mm) sampling: 
20 kHz for 45 s 
0.100 
0.200 
0.300 
-- 
0.279 
0.159 
107.7
80.9 
61.1 
MURZYN and 
CHANSON 
(2008) 
0.50 0.75 0.018 5.1 3.8×104 Dual-tip conductivity 
(∅ 0.25 mm) sampling: 
20 kHz for 45 s 
0.075 
0.150 
0.225 
0.218 
0.175 
0.063 
55.4 
43.2 
25.4 
CHANSON & 
GUALTIERI 
(2008) 
0.25 0.5 0.012 5.1 2.5×104 Single-tip conductivity 
(∅ 0.35 mm) sampling: 
20 kHz for 45 s 
0.020 
0.050 
0.100 
-- 
0.22 
0.11 
46.4 
35.5 
-- 
CHANSON 
(2007) 
0.25 1.0 0.024 5.0 7.7×104 Single-tip conductivity 
(∅ 0.35 mm) sampling: 
20 kHz for 45 s 
0.040 
0.100 
0.200 
0.364 
0.227 
0.168 
166.6
77.0 
56.7 
 
Notes: Hydraulic jumps with partially-developed inflow conditions; (--): data unavailable; Italic data: 
suspicious data; experiments performed with tap water. 
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(A3) (x-x1)/d1 = 12 (B3) (x-x1)/d1 = 12 
(A, Left) Void fraction data (B, Right) Bubble count rate data 
Figure 6-4 - Dimensionless distributions of void fraction and bubble count rate in the hydraulic jump for Fr1 
= 5.1, x1/d1 = 42, W/d1 ≥ 12 and Re = 25,000, 38,000, 68,000 & 125,000 - Data: CHANSON and 
GUALTIERI (2008), MURZYN and CHANSON (2008) and Present study (Re = 125,000) 
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Figure 6-5 - Effects of the Reynolds number on the maximum void bubble count rate Fmaxd1/V1 in the 
developing shear layer - Data: CHANSON and GUALTIERI (2008), MURZYN and CHANSON (2008), 
Present study 
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(A3) (x-x1)/d1 = 12 (B3) (x-x1)/d1 = 12 
(A, Left) Turbulence intensity data (B, Right) Integral time scale data 
Figure 6-6 - Dimensionless distributions of void fraction, turbulence intensity and integral time scale in the 
hydraulic jump for Fr1 = 5.1, x1/d1 = 42, W/d1 ≥ 12 and Re = 38,000 & 125,000 - Data: MURZYN and 
CHANSON (2008) and Present study (Re = 125,000) 
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Figure 6-7 - Dimensionless probability distribution functions of bubble chord time 1ch d/gt  in the 
developing shear layer of hydraulic jumps at F = Fmax for Fr1 = 5.1, x1/d1 = 40, B/d1 ≥ 10 and Re = 25,000, 
38,000, 68,000 & 125,000 - Data: CHANSON and GUALTIERI (2008), MURZYN and CHANSON (2008), 
Present study (Re = 125,000) 
 
Bubble cluster properties 
For Fr1 = 5.1, the effects of the Reynolds number were also tested on the bubble clustering properties. Some 
results are shown in Figure 6-8 in terms of the dimensionless number of clusters per second, the percentage 
of bubble in clusters and the number of bubbles per cluster. Basically the dimensionless properties of bubble 
clusters in the air-water shear layers were not scaled according to a Froude similitude for Fr1 = 5.1. The 
comparative analysis showed that the dimensionless number of clusters per second, the percentage of 
bubbles in cluster and the number of bubbles per clusters increased monotically with the Reynolds number at 
a given dimensionless location (x-x1)/d1 and for a given Froude number Fr1 = 5.1. This is seen in Figures 6-
8A to 6-8C. 
In hydraulic jumps, the level of clustering may give a measure of the magnitude of bubble-turbulence 
interactions and associated energy dissipation. The present findings highlighted that the clustering affected a 
comparatively greater proportion of bubbles at high Reynolds numbers, indicating that the interactions 
between entrained bubbles and vortical structures were not scaled accurately with the Froude similarity. 
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(A, Left) Dimensionless number of cluster per second Nc×d1/V1 
(B, Right) Percentage of bubbles in clusters 
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(C) Number of bubbles per cluster 
Figure 6-8 - Effects of the Reynolds number on the bubble cluster properties in the air-water shear layer of 
hydraulic jumps at the locations where F = Fmax (y = yFmax) - Fr1 = 5.1, (x-x1)/d1 = 4 & 12 - Data: CHANSON 
and GUALTIERI (2008), MURZYN and CHANSON (2008), Present study (Re = 125,000) 
 
Discussion 
The comparative analysis implied that, for hydraulic jumps with Fr1 = 5.1, (a) the void fraction data obtained 
with Re < 40,000 could not be scaled up to Re = 1×105, and (b) the bubble count rate data, turbulence 
properties, bubble chords and clustering properties with Reynolds numbers up to 125,000 could not be 
extrapolated to large-size prototype structures without significant scale effects in terms of bubble count rate, 
turbulence and bubble chord time distributions. The findings have some major implications of civil, 
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environmental and sanitary engineering designs, because most hydraulic structures, storm water systems and 
water treatment facilities operate with Reynolds numbers within ranging from 106 to over 108. 
CHANSON (2007) tested the effect of the relative width B/d1, with all other relevant parameters (Fr1, Re, 
Mo) being constant. That is: 
 ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
1
4
1
1
1
ab
11 d
Bf,...
V
dF
,
d
d
,
V
'u,
V
V,C  (6-3) 
where the inflow Froude and Reynolds numbers were constant : i.e., Fr1 = 5.1 and 8.5, Re = 70,000 to 
95,000. The results showed that the relative channel width had no effect on the air-water flow properties 
including the void fraction, bubble count rate and bubble chord time distributions, for B/d1 > 10. Since all the 
data tested in Table 6-1 satisfied B/d1 > 10, the present results were also independent of the relative flume 
width. 
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7. Conclusion 
The hydraulic jump is a complex phenomenon that remains incompletely understood. The turbulent flow 
regions include a developing shear layer, the roller and the air-water interface. Physical studies are still 
needed to gain a better understanding on the complicated turbulent flow features. In the present study, both 
the free surface fluctuations and the air-water properties were investigated experimentally in hydraulic jumps 
with relatively small Froude numbers (2.4 < Fr1 < 5.1) and relatively large Reynolds numbers (6.6×104 < Re 
< 1.3×105). The new experiments were conducted using a number of experimental techniques. Some 
dynamic free surface measurements were performed with several acoustic displacement meters to record 
non-intrusively the mean and turbulent surface profiles, characteristic frequencies, and integral length and 
time scales. The two-phase flow measurements were conducted with a dual-tip conductivity probe. The 
analysis yielded new results in terms of velocity and turbulence levels of the two-phase air-water flow. 
Further some measurements of free surface fluctuations and two-phase properties were conducted 
simultaneously, and a correlation analysis was conducted. 
The free surface fluctuations were investigated for upstream Froude numbers between 2.4 and 5.1. Both the 
mean and turbulent free surface profiles were recorded. The shape of the mean free surface profile was well 
defined and in agreement with visual and photographic observations, as well as previous studies. The 
turbulent fluctuation profiles exhibited a peak of maximum intensity in the first half of the hydraulic jump 
roller. The amplitude of this peak increased monotically with increasing Froude number. The free surface 
fluctuations exhibited some characteristic frequencies between 1.4 and 4 Hz, with the majority below 3 Hz. 
Some simultaneous free-surface measurements at a series of two closely located points yielded the free 
surface length and time scales of free-surface fluctuations in terms of both longitudinal and transverse 
directions. The maximum cross-correlation coefficient between the free surface fluctuations at two different 
locations decreased exponentially with increasing distance between the sensors. The integral length and time 
scales increased with increasing longitudinal distances from the jump toe, and the longitudinal length scales 
were greater than the transverse length scales. The length scale data seemed to depend upon the inflow 
Froude number, while the time scale data showed no definite trend. 
The air-water flow properties were investigated for 3.1 < Fr1 < 5.1. The vertical profiles of void fraction 
showed two characteristic regions: the air-water shear layer in the lower part of the jump and an upper free-
surface region above. The air-water shear zone was characterised by local maxima in terms of void fraction 
and bubble count rate, denoted Cmax and Fmax respectively. The other air-water flow characteristics were 
documented including the distributions of interfacial velocity, turbulence intensity and integral turbulence 
time scales. Both the turbulence levels and the air-water turbulent integral time scales exhibited an increase 
with increasing distance to the bed as well as a decrease with increasing distance to the jump toe. The 
probability distribution functions (PDF) of bubble chord time highlighted that the bubble chord times 
exhibited a broad spectrum, with a majority of bubble chord times between 0.5 and 2 ms. An analysis of the 
longitudinal air-water structure highlighted a significant proportion of bubbles travelling within a cluster 
structure. 
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The simultaneous measurements of instantaneous void fraction and free surface fluctuations exhibited 
different features depending upon the phase-detection probe sensor location in the different regions of the 
roller: a positive correlation in the shear layer region, and a negative correlation in the free surface region. 
More the acoustic displacement meters yielded a time-averaged free-surface elevation that corresponded to 
the upper free-surface where the void fraction increased rapidly from 0.20 to 0.90, and the quantitative 
values were very close to the equivalent clear-water depth. 
For a Froude number Fr1 = 5.1, the present results were compared with earlier data obtained with the same 
Froude number and an identical Froude similar geometry, but smaller Reynolds numbers. The comparative 
analysis encompassed 2.5×104 < Re < 1.25×105. The results showed that the Froude similitude was not 
satisfied in terms of several air-water turbulent properties in the hydraulic jump (Fr1 = 5.1). The void fraction 
data obtained with Re < 40,000 could not be scaled up to larger Reynolds numbers. The bubble count rate 
data, turbulence properties and bubble chords exhibited some monotonic trends with increasing Reynolds 
numbers implying that the results could not be extrapolated to large-size prototype structures without 
significant scale effects. 
After more than two centuries of successful research, the hydraulic jump remains a fascinating turbulent flow 
and the current expertise is still limited in several areas, including turbulence, air bubble entrainment and 
interactions between entrained bubbles and coherent structures. The present data set adds some new 
information on the hydrodynamics of hydraulic jumps with relatively low Froude numbers and large 
Reynolds numbers. 
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Appendix A - Prandtl-Pitot tube velocity measurements in supercritical flows 
List of symbols 
Fr1 upstream Froude number; 
p local pressure (Pa); 
Q water discharge (m3/s); 
V clear-water velocity (m/s) measured with the Prandtl-Pitot tube; 
x longitudinal distance (m) measured from the upstream gate, positive downstream; 
 
Location: The University of Queensland (Australia) 
Date: November 2009 
Experiments by: Y. CHACHEREAU 
Data analysis by: Y. CHACHEREAU 
Experiment 
characteristics: 
Channel: length=3.2m, width=0.50m, slope: horizontal 
Open channel with glass sidewall and PVC bottom, gate opening: h=0.036m 
Fr1 = 3.1: Q=0.0446 m3/s, x1=1.50m, d1=0.0440m, Re=8.9×104 
Fr1 = 3.8: Q=0.0490 m3/s, x1=1.50m, d1=0.0405m, Re=9.8×104 
Fr1 = 4.4: Q=0.0545 m3/s, x1=1.50m, d1=0.0395m, Re=1.1×105 
Fr1 = 5.1: Q=0.0627 m3/s, x1=1.50m, d1=0.0395m, Re=1.3×105 
Instrumentation: Prandtl-Pitot tube (∅ = 3.3 mm) 
 
 
Fr1 = 3.1    
x = 0.040 m    
 y (mm) p (Pa) V (m/s) 
 1.5 320 2.16 
 2 307 2.29 
 2.5 302 2.38 
 3 293 2.39 
 3.5 284 2.45 
 4 275 2.48 
 4.5 270 2.50 
 5.5 263 2.55 
 6.5 251 2.57 
 8.5 231 2.59 
 10.5 199 2.60 
 13.5 166 2.60 
 16.5 137 2.59 
 21.5 96 2.58 
 26.5 71 2.54 
 30.5 48 2.46 
    
x = 0.075 m    
 y (mm) p (Pa) V (m/s) 
 1.5 358 2.32 
 2 358 2.42 
 2.5 350 2.44 
 3 343 2.47 
 3.5 338 2.49 
 4 333 2.51 
 4.5 336 2.53 
 5.5 319 2.55 
 6.5 311 2.56 
 8.5 289 2.58 
 10.5 265 2.59 
 13.5 230 2.59 
 16.5 196 2.59 
 21.5 147 2.59 
 26.5 111 2.58 
 31.5 69 2.57 
 34.5 49 2.54 
    
x = 0.093 m    
 y (mm) p (Pa) V (m/s) 
 1.5 421 2.22 
 2 404 2.37 
 2.5 391 2.43 
 3 382 2.49 
 3.5 381 2.51 
 4 368 2.52 
 4.5 367 2.53 
 5.5 355 2.55 
 6.5 339 2.56 
 8.5 324 2.57 
 10.5 300 2.57 
 13.5 271 2.57 
 16.5 241 2.57 
 21.5 196 2.57 
 26.5 151 2.57 
 31.5 113 2.56 
 35.5 87 2.55 
    
x = 0.107 m    
 y (mm) p (Pa) V (m/s) 
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 1.5 402 2.16 
 2 381 2.29 
 2.5 372 2.36 
 3 367 2.42 
 3.5 360 2.46 
 4 357 2.48 
 4.5 350 2.50 
 5.5 343 2.54 
 6.5 329 2.54 
 8.5 309 2.55 
 10.5 290 2.55 
 13.5 256 2.55 
 16.5 231 2.55 
 21.5 178 2.54 
 26.5 137 2.54 
 31.5 92 2.54 
 36.5 51 2.54 
    
x = 0.110 m    
 y (mm) p (Pa) V (m/s) 
 1.5 405 2.14 
 2 395 2.24 
 2.5 390 2.31 
 3 380 2.36 
 3.5 370 2.43 
 4 366 2.46 
 4.5 361 2.48 
 5.5 346 2.53 
 6.5 341 2.54 
 8.5 319 2.55 
 10.5 302 2.55 
 13.5 272 2.55 
 16.5 243 2.55 
 21.5 194 2.54 
 26.5 140 2.54 
 31.5 103 2.54 
 36.5 62 2.55 
    
x = 0.140 m    
 y (mm) p (Pa) V (m/s) 
 1.5 404 2.13 
 2 390 2.24 
 2.5 383 2.32 
 3 372 2.39 
 3.5 367 2.42 
 4 360 2.45 
 4.5 359 2.48 
 5.5 345 2.51 
 6.5 339 2.52 
 8.5 313 2.53 
 10.5 296 2.52 
 13.5 271 2.52 
 16.5 237 2.51 
 21.5 184 2.50 
 26.5 139 2.48 
 31.5 101 2.49 
 36.5 53 2.50 
    
Fr1 = 3.6    
x = 0.040 m    
 y (mm) p (Pa) V (m/s) 
 1.5 348 2.40 
 2 333 2.51 
 2.5 323 2.59 
 3 319 2.67 
 3.5 314 2.74 
 4 309 2.77 
 4.5 299 2.81 
 5.5 289 2.83 
 6.5 277 2.85 
 8.5 258 2.86 
 10.5 238 2.85 
 13.5 204 2.86 
 16.5 176 2.85 
 21.5 130 2.84 
 26.5 93 2.82 
 31.5 74 2.79 
    
x = 0.075 m    
 y (mm) p (Pa) V (m/s) 
 1.5 369 2.38 
 2 345 2.52 
 2.5 340 2.60 
 3 340 2.64 
 3.5 330 2.70 
 4 323 2.72 
 4.5 316 2.73 
 5.5 296 2.80 
 6.5 291 2.80 
 8.5 267 2.82 
 10.5 242 2.83 
 13.5 211 2.83 
 16.5 178 2.83 
 21.5 134 2.84 
 26.5 90 2.84 
 31.5 51 2.83 
    
x = 0.110 m    
 y (mm) p (Pa) V (m/s) 
 1.5 394 2.41 
 2 382 2.51 
 2.5 374 2.58 
 3 368 2.64 
 3.5 358 2.70 
 4 353 2.73 
 4.5 346 2.74 
 5 338 2.75 
 5.5 333 2.77 
 6.5 323 2.79 
 8.5 302 2.80 
 10.5 279 2.81 
 13.5 240 2.82 
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 16.5 206 2.82 
 21.5 157 2.82 
 26.5 118 2.82 
 31.5 83 2.81 
 34.5 59 2.81 
    
x = 0.140 m    
 y (mm) p (Pa) V (m/s) 
 1.5 415 2.30 
 2 407 2.43 
 2.5 400 2.53 
 3 395 2.59 
 3.5 380 2.64 
 4 373 2.67 
 4.5 372 2.73 
 5.5 361 2.77 
 6.5 353 2.78 
 8.5 333 2.79 
 10.5 307 2.80 
 13.5 274 2.80 
 16.5 243 2.80 
 21.5 196 2.79 
 26.5 160 2.78 
 31.5 111 2.78 
 36.5 67 2.78 
    
Fr1 = 4.4    
x = 0.040 m    
 y (mm) p (Pa) V (m/s) 
 1.5 346 2.39 
 2 335 2.53 
 2.5 336 2.58 
 3 331 2.69 
 3.5 319 2.77 
 4 314 2.84 
 4.5 307 2.91 
 5.5 297 3.00 
 6.5 291 3.06 
 8.5 258 3.13 
 10.5 235 3.16 
 13.5 201 3.17 
 16.5 172 3.17 
 21.5 118 3.18 
 26.5 74 3.17 
 30.5 49 3.14 
    
x = 0.075 m    
 y (mm) p (Pa) V (m/s) 
 1.5 382 2.30 
 2 372 2.40 
 2.5 368 2.47 
 3 363 2.50 
 3.5 348 2.61 
 4 338 2.67 
 4.5 336 2.72 
 5.5 328 2.79 
 6.5 319 2.87 
 8.5 291 2.96 
 10.5 271 3.00 
 13.5 232 3.11 
 16.5 199 3.12 
 21.5 154 3.13 
 26.5 108 3.14 
 31.5 66 3.15 
    
x = 0.110 m    
 y (mm) p (Pa) V (m/s) 
 1.5 387 2.22 
 2 380 2.40 
 2.5 366 2.41 
 3 359 2.47 
 3.5 354 2.54 
 4 346 2.59 
 4.5 346 2.59 
 5.5 336 2.69 
 6.5 331 2.74 
 8.5 305 2.84 
 10.5 287 2.91 
 13.5 250 2.94 
 16.5 223 3.01 
 21.5 170 3.04 
 26.5 125 3.04 
 31.5 81 3.07 
 35.5 57 3.06 
    
x = 0.140 m    
 y (mm) p (Pa) V (m/s) 
 1.5 405 2.19 
 2 393 2.28 
 2.5 395 2.38 
 3 380 2.43 
 3.5 380 2.47 
 4 377 2.50 
 4.5 370 2.51 
 5.5 359 2.59 
 6.5 346 2.67 
 8.5 321 2.78 
 10.5 307 2.82 
 13.5 274 2.88 
 16.5 245 2.90 
 21.5 192 2.93 
 26.5 140 2.93 
 31.5 98 2.95 
 36.5 59 3.01 
    
Fr1 = 5.1    
x = 0.040 m    
 y (mm) p (Pa) V (m/s) 
 1.5 353 2.83 
 2 343 3.02 
 2.5 338 3.11 
 3 331 3.19 
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 3.5 326 3.30 
 4 319 3.37 
 4.5 309 3.44 
 5.5 294 3.53 
 6.5 281 3.58 
 8.5 258 3.62 
 10.5 238 3.63 
 13.5 206 3.63 
 16.5 176 3.63 
 21.5 132 3.63 
 26.5 88 3.62 
 29.5 64 3.59 
    
x = 0.075 m    
 y (mm) p (Pa) V (m/s) 
 1.5 397 2.78 
 2 387 2.89 
 2.5 382 2.99 
 3 377 3.09 
 3.5 372 3.13 
 4 368 3.20 
 4.5 360 3.25 
 5.5 350 3.33 
 6.5 328 3.43 
 8.5 299 3.55 
 10.5 270 3.61 
 13.5 235 3.63 
 16.5 203 3.62 
 21.5 150 3.63 
 26.5 108 3.63 
 29.5 83 3.62 
    
x = 0.110 m    
 y (mm) p (Pa) V (m/s) 
 1.5 407 2.68 
 2 395 2.83 
 2.5 390 2.91 
 3 382 2.97 
 3.5 378 3.06 
 4 370 3.10 
 4.5 361 3.16 
 5.5 351 3.23 
 6.5 341 3.33 
 8.5 312 3.42 
 10.5 282 3.51 
 13.5 243 3.59 
 16.5 204 3.62 
 21.5 150 3.63 
 26.5 111 3.62 
 31.5 72 3.61 
    
x = 0.140 m    
 y (mm) p (Pa) V (m/s) 
 1.5 424 2.66 
 2 413 2.78 
 2.5 405 2.85 
 3 395 2.93 
 3.5 390 2.98 
 4 380 3.04 
 4.5 375 3.04 
 5.5 366 3.14 
 6.5 343 3.27 
 8.5 326 3.32 
 10.5 297 3.42 
 13.5 263 3.49 
 16.5 225 3.55 
 21.5 172 3.57 
 26.5 125 3.56 
 31.5 76 3.56 
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Appendix B - Free-surface elevation measurements in hydraulic jumps 
List of symbols 
kurt kurtosis; 
Q water discharge (m3/s); 
skew skewness; 
x longitudinal distance (m) measured from the upstream gate, positive downstream; 
η mean/median free surface elevation (m); 
η' standard deviation of the free surface elevations (m); 
Δη range of free surface elevations (m); 
 
Location: The University of Queensland (Australia) 
Date: October - November 2009 
Experiments by: Y. CHACHEREAU 
Data analysis by: Y. CHACHEREAU 
Experiment 
characteristics: 
Channel: length=3.2m, width=0.50m, slope: horizontal 
Open channel with glass sidewall and PVC bottom, gate elevation=0.036m 
x1=1.50m 
Instrumentation: Acoustic displacement meters S0: Mic+35/IU/TC, S1 to S6: Mic+25/IU/TC 
 
Q = 33.0 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
η mean (mm) 42.0 103.0 124.9 118.4 123.4 127.0 123.7
η median (mm) 42.0 105.1 125.1 118.8 123.4 127.0 124.1
Δη (mm) 37.8 91.0 68.2 62.0 57.5 57.3 57.9
η' (mm) 1.45 17.52 8.44 8.18 6.80 6.65 6.74
skew -1.82 0.16 0.30 0.23 -0.26 0.04 0.11
kurt 22.39 -0.77 0.88 0.05 0.39 0.48 0.38
        
        
Q = 36.5 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
η mean (mm) 42.5 100.8 125.6 139.0 141.6 141.9 140.7
η median (mm) 42.5 100.0 124.9 138.6 141.5 141.7 140.5
Δη (mm) 16.6 108.1 73.9 63.0 38.0 34.5 26.0
η' (mm) 1.01 11.96 9.64 6.85 4.21 3.34 2.90
skew 0.67 -0.42 -0.22 -0.22 -0.30 -0.49 -0.43
kurt 3.28 0.52 0.22 0.48 0.73 0.76 0.65
        
        
Q = 40. 0 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
η mean (mm) 43.8 105.4 133.4 151.5 157.2 158.2 157.3
η median (mm) 43.9 104.8 132.6 151.1 156.8 157.9 157.2
Δη (mm) 30.2 110.0 103.3 70.5 63.5 42.4 35.9
η' (mm) 1.29 14.77 12.14 8.86 5.73 4.33 3.71
skew -0.54 -0.42 -0.29 -0.21 -0.30 -0.39 -0.41
kurt 11.03 0.61 0.42 0.22 0.68 0.55 0.52
        
        
Q = 44.6 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
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η mean (mm) 45.4 104.7 140.3 163.2 175.8 178.5 178.6
η median (mm) 45.7 103.4 139.5 162.6 175.6 178.5 178.4
Δη (mm) 32.0 89.6 105.6 100.1 69.9 52.9 40.9
η' (mm) 1.81 16.59 15.21 12.12 8.29 5.95 4.97
skew 0.61 -0.49 -0.26 -0.14 -0.19 -0.31 -0.33
kurt 5.02 -0.01 0.21 0.30 0.21 0.60 0.40
        
        
Q = 46.8 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
η mean (mm) 44.4 99.8 136.0 163.6 182.4 186.7 187.8
η median (mm) 44.5 96.6 135.4 163.2 182.2 186.4 187.6
Δη (mm) 32.3 97.4 113.1 93.9 74.0 58.1 46.8
η' (mm) 1.56 16.25 17.36 13.50 9.19 6.48 5.15
skew -0.49 -0.99 -0.27 -0.12 -0.14 -0.19 -0.30
kurt 8.87 0.96 0.17 0.04 0.24 0.35 0.45
        
        
Q = 49.0 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
η mean (mm) 44.2 105.5 139.0 169.7 190.5 195.7 197.3
η median (mm) 44.3 102.5 137.9 169.3 190.5 195.4 197.2
Δη (mm) 40.8 97.2 109.7 89.4 86.4 74.9 49.5
η' (mm) 2.13 16.74 18.02 14.34 10.25 7.37 5.84
skew 0.81 -0.97 -0.37 -0.07 -0.06 -0.18 -0.21
kurt 8.96 0.87 0.20 -0.12 0.17 0.40 0.44
        
        
Q = 51.5 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
η mean (mm) 41.2 103.2 141.7 173.5 197.1 205.1 207.1
η median (mm) 42.0 100.4 141.1 173.3 197.3 205.0 206.8
Δη (mm) 44.3 109.0 121.3 116.4 91.7 77.6 60.2
η' (mm) 4.98 20.67 20.51 16.22 11.76 8.76 6.79
skew 0.14 -0.73 -0.25 -0.11 0.05 -0.03 -0.12
kurt 3.17 0.22 0.05 0.18 0.15 0.24 0.47
        
        
Q = 54.5 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
η mean (mm) 43.0 108.0 144.7 175.4 204.3 216.0 218.9
η median (mm) 42.9 104.8 143.6 174.8 204.1 216.0 219.0
Δη (mm) 28.1 125.4 144.5 120.4 95.5 81.9 69.9
η' (mm) 2.46 21.75 21.76 17.94 13.50 10.39 8.14
skew -0.36 -0.91 -0.36 -0.16 -0.05 0.00 0.00
kurt 8.11 0.82 0.39 0.12 0.10 0.14 0.34
        
        
Q = 57.3 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
η mean (mm) 37.8 93.7 120.8 160.8 202.0 228.0 235.4
η median (mm) 38.1 89.7 117.4 159.6 201.4 227.8 235.4
Δη (mm) 23.6 111.0 124.5 138.8 138.7 120.8 110.8
η' (mm) 1.65 13.77 21.39 21.06 17.46 14.08 11.02
skew 1.89 -2.21 -0.95 -0.33 -0.26 -0.04 0.12
kurt 8.39 6.42 0.97 0.38 0.50 0.27 0.45
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Q = 62.7 L/s        
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67
η mean (mm) 39.5 109.3 145.2 180.0 217.1 246.8 256.9
η median (mm) 39.3 104.3 143.7 178.8 217.3 247.3 257.4
Δη (mm) 36.5 157.1 178.3 158.9 144.0 103.5 87.8
η' (mm) 3.65 27.14 29.40 25.09 21.73 16.70 12.87
skew -0.55 -1.03 -0.46 -0.31 0.19 0.27 0.32
kurt 4.85 1.04 0.30 0.15 0.27 0.10 0.19
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Appendix C - Characteristic frequencies of the free surface elevation fluctuations 
List of symbols 
F characteristic frequency (Hz) of the free-surface elevation fluctuations; 
F1 lowest frequency (Hz) of the free-surface elevation fluctuations; 
F2 secondary frequency (Hz) of the free-surface elevation fluctuations; 
F3 tertiary frequency (Hz) of the free-surface elevation fluctuations; 
Q water discharge (m3/s); 
x longitudinal distance (m) measured from the upstream gate, positive downstream (Table C-1); 
x1 longitudinal distance from the upstream gate to the jump toe (m); 
 
Table C-1 - Longitudinal position of the sensors (Jump toe location x1 = 1.50 m) 
 
Sensor S0 S1 S2 S3 S4 S5 S6 
x (m) 1.35 1.595 1.74 1.94 2.19 2.43 2.67 
Sensor type Mic+35 Mic+25 Mic+25 Mic+25 Mic+25 Mic+25 Mic+25 
 
 
Q = 62.7 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 2.4   
 S2 2.2   
 S3 2.2 1.75  
 S4 1.9   
 S5 2   
 S6 2.3 1.8   
     
Q = 57.3 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 x   
 S2 2.55   
 S3 2   
 S4 1.95   
 S5 2   
 S6 2.4     
     
Q = 54.5 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 
1.7 to 
3.8   
 S2 1.95   
 S3 2.05   
 S4 2.05   
 S5 
1.6 to 
3.1   
 S6 x     
     
Q = 51.5 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 3.2   
 S2 1.75 2.25 2.9 
 S3 1.95 2.6  
 S4 2.25   
 S5 
1.7 to 
2.6   
 S6 x     
     
Q = 49 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 
2.4 to 
3.9   
 S2 1.85 2.5  
 S3 2.45   
 S4 2.45 2.7  
 S5 2.5   
 S6 x     
     
Q = 46.8 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 3.25 
1.85 to 
3.8  
 S2 
1.6 to 
3.4   
 S3 2.6   
 S4 2.65   
 S5 x   
 S6 x     
     
Q=44.6 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 3   
 S2 2.5 3  
 S3 2.8   
 S4 2.8   
 S5 2.75   
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 S6 --     
     
Q=40 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 2.65 3  
 S2 2.9   
 S3 3   
 S4 3   
 S5 --   
 S6 2.85     
     
Q=36.5 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 2.95   
 S2 3.25   
 S3 3 3.3 3.7 
 S4 3.2   
 S5 2.8   
 S6 --     
     
Q=33 L/s     
 sensor F1 (Hz) F2 (Hz) F3 (Hz) 
 S1 2.1 to 5   
 S2 2.1 to 5   
 S3 --   
 S4 --   
 S5 --   
 S6 --     
 
 
Note: (--): data not measurable. 
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Appendix D - Signal processing of the voltage output signals of the acoustic displacement 
sensors for free surface length and time scale measurements in hydraulic jumps 
Simultaneous free surface measurements were performed to characterise the coherent turbulent structures 
located next to the free surface. In the experimental setup, three acoustic sensors were located above the free 
surface of the hydraulic jump and scanned simultaneously at 50 Hz for 60 s. This appendix presents the 
processing applied to the output signals of the sensors. 
The experimental setup consisted in three acoustic displacement meters which sampled simultaneously and 
non-intrusively the free surface fluctuations. At a given flow rate and for a given streamwise position (x-x1), 
the reference sensor remained fixed while the relative position of the other sensors were located at Δx and Δz 
respectively in the longitudinal and transverse directions (Fig. D1). The cross-correlation function between 
the sensor signal outputs separated by Δx in the longitudinal direction provided some information on the 
coherence of the flow free surface fluctuations in the longitudinal direction. The correlation between the 
sensor outputs transversely separated by Δz yielded similar information in the transverse direction. The 
presence of coherent turbulent structures located next to the free surface was identified by the level of 
correlations, and characterised by length and time scales, derived from the correlation analyses. 
The experiments were repeated for three different flow conditions: Fr1 = 3.8 (Re = 3.9×105), Fr1 = 4.4 (Re = 
4.4×105), Fr1 = 5.1 (Re = 5.0×105). The distance between the sensors, Δx in the longitudinal direction and Δz 
in the transverse direction, varied from 41 mm to 230 mm. The sensors were scanned at 50 Hz for 60 s for 
each configuration. Table D-1 summarises the experimental conditions. Figure D1 illustrates the 
experimental setup. 
 
Table D-1 - Experimental conditions of the length and time scale experiments 
 
Q 
(m3/s) 
B 
(m) 
h 
(m) 
x1 
(m) 
d1 
(m) 
δ 
(m) 
Δx 
(mm) 
Δz 
(mm) 
Fr1 Re 
0.049 0.50 0.036 1.50 0.0405 0.0055 41 to 230 41 to 230 3.8 9.8×104 
0.0545 0.50 0.036 1.50 0.0395 0.0184 41 to 230 41 to 230 4.4 1.1×105 
0.0627 0.50 0.036 1.50 0.0395 0.0156 41 to 230 41 to 230 5.1 1.3×105 
 
Note: Q: flow rate; B: channel width; h: gate elevation; x1: longitudinal position of the jump toe; d1: water 
depth immediately upstream of the flow; δ: boundary layer thickness; Δx: longitudinal separation distance 
between the sensors; Δz: transverse separation distance; Fr1: upstream Froude number; Re: Reynolds number 
 
87 
 
Figure D1 - Photograph of the experimental setup. Flow from left to right. d1 = 0.0395 m, x1 = 1.50 m, Fr1 = 
5.1, Re = 1.3×105 - Definition of the longitudinal and transverse distances Δx and Δz to the reference sensor 
 
The outputs of the sensors were voltage signals with values between 0 and 8 Volts. Most raw signal outputs 
presented positive and negative "spikes". Positive spikes occurred when the acoustic wave emitted by the 
sensor did not come back to the sensor head (likely to occur when the free surface presented locally a strong 
angle with the horizontal). Negative spikes corresponded to air-water projections detected by the sensor at a 
significant elevation above the free surface and close to the sensor emitter. The spikes in the raw voltage 
signals were removed using the software DPlotTM. Figure D2 presents some examples of both raw and spike-
removed voltage signals. 
The removed data were linearly interpolated using a constant interval time of 0.02s. The signals were then 
filtered using a band pass 0.1-25 Hz. This filtering aimed to remove the low frequency components of the 
signals as well as the high-frequency components with a frequency greater than the dynamic response of the 
sensor. The low frequencies were observed to have some effect on the cross-correlation functions, lifting the 
correlation curves up to 0.2. This effect was the most visible at locations (x-x1) close to the jump toe. These 
low frequencies were deemed to be caused by the slow longitudinal motion of the jump, rather than by 
turbulence, hence the filtering in the analysis of turbulent length and time scales. Figure 3 presents both non-
filtered and filtered signals. Note that the filtering required the first 10 s of the signal to be excluded of the 
analysis (e.g. Fig. D3). Only the last 50 s of the record were used. 
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Figure D2 - Raw voltage signal (left), Voltage signal, spikes cut (right) - Reference sensor, flow conditions: 
d1 = 0.0395 m, x1 = 1.50 m, x-x1 = 300 mm, Fr1 = 4.4, Re = 1.1×105 - Note the large fluctuations of the free 
surface during an interval of 30 s 
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Figure D3 - Comparison between non-filtered and filtered signals- Reference sensor, flow conditions: d1 = 
0.0405 m, x1 = 1.50 m, x-x1 = 0.300 m, Fr1 = 3.8, Re = 9.8×104 - Note: low-frequency oscillations clearly 
visible in the last 30 s of the non-filtered signal 
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The analysis leading to the free surface integral time scales was based upon the cross-correlation functions 
between the sensors. The cross-correlation function was denoted Rxx' for the correlation between the sensors 
longitudinally aligned, and Rxz for the sensors aligned in the transverse direction. The separation distances 
were respectively denoted Δx and Δz. The filtering technique had an important effect on the cross-correlation 
functions. Figure 4 shows a cross-correlation function Rxx' for both non-filtered and filtered output signals. 
This figure shows the influence of the filtering on Rxx'. The filtering removed the contribution of fluctuations 
with frequencies lower than 0.1 Hz. The effect was to lower the curve by approximately 0.2. This particular 
case illustrates a case when the effect of low frequencies was the most visible. In other cases the difference 
in cross-correlation functions was smaller. These low-frequency effects were imputed to slow longitudinal 
movements of the jump toe.  
The change in Rxx' and in Rxz caused by the filtering had an effect on the complete analysis leading to integral 
length and time scales. The maximums Rxx',max and Rxz,max are used in the integral length scales: 
 ( )∫
Δ
=
maxx
0
max,'xx'xx dXXRL  (D-1) 
 ( )∫
Δ
=
maxz
0
max,xzxz dZZRL  (D-2) 
where X and Z are respectively the longitudinal and transverse separation distances, and Δx max and Δz max 
represent the upper limit of the sensor separation (Δx max = Δz max = 230 mm). The correlation times scales 
Txx’ and Txz also featured Rxx' and Rxz, these being calculated for each separation distance Δx or Δz: 
 ∫
=τ=τ
=τ=τ
ττ=
)0R(
)RR(
'xx'xx
'xx
max,'xx'xx
d)(RT  (D-3) 
 ∫
=τ=τ
=τ=τ
ττ=
)0R(
)RR(
xzxz
xz
max,xzxz
d)(RT  (D-4) 
where τ is a time lag. And the correlation time scales were used to estimate the turbulent integral time scales 
TX and TZ: 
 ∫
Δ=
=
=
maxxX
0X
'xxmax',xx
'xx
X dXTRL
1T  (D-5) 
 ∫
Δ=
=
=
maxzZ
0Z
xzmax,xz
xz
Z dZTRL
1T  (D-6) 
where X and Z are the separation distances respectively in the longitudinal and transverse directions. Once 
more, Rxx' and Rxz were used. By limiting the signals to the turbulent contributions, the filtering enabled a 
more accurate estimate of the integral time and length scales of the turbulence at the free surface of hydraulic 
jumps. 
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Figure D4 - Cross-correlation function Rxx' for non-filtered and filtered output signals of the sensors 
longitudinally aligned - Flow conditions: d1 = 0.0405 m, x1 = 1.50 m, x-x1 = 300 mm, Δx = 170 mm, Fr1 = 
3.8, Re = 9.8×104 
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Appendix E – Free surface fluctuation cross-correlations 
For a range of flow conditions, some instantaneous free-surface elevation measurements were conducted 
simultaneously with three acoustic displacement meters (App. D). The cross-correlation function between 
the signal outputs of the two sensors separated by Δx in the longitudinal direction provided some information 
on the coherence of the free surface fluctuations in the longitudinal flow direction. The correlation between 
the outputs of the two sensors separated transversely by Δz yielded a similar information in the transverse 
direction. The experiments were conducted for inflow Froude numbers of 3.8, 4.4 and 5.1. The water depths 
immediately upstream of the jump toe were d1 = 40.5 mm, 39.5 mm and 39.5 mm for these respective Froude 
numbers. The jump toe position was fixed at x1 = 1.50 m. For all inflow Froude number, and for all 
streamwise position, a reference sensor stayed at the same location x while the distance Δx in the 
longitudinal direction with another acoustic sensor varied from 41 to 230 mm. The distance Δz with a sensor 
in the transverse direction also varied on the same range. The acoustic sensors were scanned at 50 Hz for 60 
s. Only 50 s were used in the analysis after a filtering applied to the output signals. 
For each set of inflow conditions, and at every streamwise position (x-x1) of the reference sensor, the 
maximum values of the correlation functions Rxx',max and Rxz,max were recorded. The maximum cross-
correlation coefficients were noted Rxx’,max in the longitudinal direction and Rxz,max in the transverse direction. 
The results showed that the relationships between Rxx',max and Rxz,max and the separation distances exhibited an 
exponential decay: This appendix presents profiles of the maximum cross-correlation coefficient results. 
The results showed that the relationships between Rxx’,max and Rxz,max and the separation distances exhibited an 
exponential decay behaviour: 
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where d1 is the free surface elevation upstream of the jump, and (Δx/d1)30 and (Δz/d1)30 are the dimensionless 
distances for which Rxx’,max and Rxz,max equal 30% of their maximum value. Note that for Δx = Δz = 0, Rxx’,max 
= Rxz,max = 1. Figure E1 presents Rxx’,max and Rxz,max as functions of the longitudinal and transverse spacing 
respectively. 
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(A) Fr1 = 3.8, Re = 9.8 ×104, d1 = 0.0415 m, x1 = 1.50 m 
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(B) Fr1 = 4.4, Re = 1.1×105, d1 = 0.0395 m, x1 = 1.50 m  
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(C) Fr1 = 5.1, Re = 1.3×105, d1 = 0.0395 m, x1 = 1.50 m 
Figure E1 – Maximum cross-correlation coefficients Rxx’,max and Rxz,max as functions of the longitudinal (left) 
or transverse (right) spacing 
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Appendix F - Air-water flow properties: basic results 
List of symbols 
C void fraction defined as the volume of air per unit volume of air and water; 
F bubble count rate (Hz) defined as the number of bubbles impacting the probe sensor per second; 
Fr1 upstream Froude number; 
Q water discharge (m3/s); 
V interfacial velocity (m/s) measured with the dual-tip probe; 
x longitudinal distance (m) measured from the upstream gate, positive downstream; 
x1 longitudinal distance from the upstream gate to the jump toe (m); 
 
Location: The University of Queensland (Australia) 
Date: September-October 2009 
Experiments by: Y. CHACHEREAU 
Data analysis by: Y. CHACHEREAU 
Experiment 
characteristics: 
Channel: length=3.2m, width=0.50m, slope: horizontal 
Open channel with glass sidewall and PVC bottom, gate elevation=0.036m 
Fr1 = 3.1: Q=0.0446m3/s, x1=1.50m, d1=0.044m, Re=8.9×104 
Fr1 = 3.6: Q=0.049m3/s, x1=1.50m, d1=0.0415m, Re=9.8×104 
Fr1 = 4.4: Q=0.0545m3/s, x1=1.50m, d1=0.0395m, Re=1.1×105 
Fr1 = 5.1: Q=0.0627m3/s, x1=1.50m, d1=0.0395m, Re=1.3×105 
Instrumentation: Double-tip conductivity probe (Ø=0.25mm, Δx=7.12mm). 
Scan rate: 20kHz per probe sensor, sampling duration: 45s 
 
 
Fr1 = 3.1 Q =  44.6 L/s   
x-x1 = 0.040 m     
 y (mm) C F (Hz) V (m/s) 
 105 0.945 5.9 -1.23 
 100 0.927 7.2 -0.84 
 95 0.810 15.9 -1.20 
 91 0.573 25.7 N/A 
 88 0.739 18.8 -0.93 
 85 0.418 30.6 N/A 
 82 0.654 26.4 N/A 
 79 0.341 30.6 N/A 
 76 0.414 32.7 N/A 
 73 0.282 31.5 N/A 
 70 0.429 33.3 N/A 
 67 0.345 35.6 N/A 
 64 0.305 36.0 N/A 
 61 0.333 41.2 N/A 
 58 0.360 42.7 N/A 
 56 0.357 47.6 1.39 
 54 0.260 59.8 1.39 
 52 0.260 58.4 1.48 
 50 0.201 61.2 1.48 
 48 0.241 67.3 1.67 
 46 0.122 53.3 1.61 
 44 0.098 45.9 1.65 
 42 0.070 37.2 1.69 
 39 0.040 24.3 1.69 
 36 0.020 12.7 1.63 
 32 0.007 5.4 1.79 
 28 0.002 1.9 1.84 
 24 0.001 0.6 1.96 
     
x-x1 = 0.075 m y (mm) C F (Hz) V (m/s) 
  
C-
leading 
F-
leading V 
 130 0.978 1.7 N/A 
 123 0.988 1.0 N/A 
 116 0.920 6.9 -0.83 
 110 0.887 8.9 N/A 
 105 0.841 15.9 N/A 
 100 0.485 29.2 N/A 
 96 0.621 25.8 -1.09 
 93 0.447 28.0 N/A 
 90 0.370 29.5 N/A 
 87 0.645 21.3 N/A 
 84 0.219 24.9 N/A 
 81 0.376 31.0 N/A 
 78 0.220 25.8 N/A 
 75 0.223 27.8 N/A 
 72 0.212 26.4 N/A 
 69 0.213 33.6 1.30 
 66 0.203 35.2 1.21 
 63 0.252 39.7 1.53 
 60 0.189 46.3 1.32 
 57 0.274 46.4 1.56 
95 
 54 0.309 50.1 1.33 
 51 0.160 50.1 1.48 
 48 0.119 47.4 1.42 
 45 0.086 41.5 1.56 
 42 0.059 34.1 1.58 
 39 0.040 23.7 1.65 
 36 0.024 16.0 1.75 
 32 0.011 7.8 1.67 
 28 0.003 2.5 1.58 
 22 0.002 2.3 1.77 
     
x-x1 = 0.150 m     
 y (mm) C F (Hz) V (m/s) 
 152 0.968 1.6 -1.06 
 143 0.847 7.6 N/A 
 134 0.680 14.6 N/A 
 126 0.484 20.1 N/A 
 118 0.377 18.1 -0.88 
 112 0.378 21.1 N/A 
 107 0.166 15.8 N/A 
 102 0.077 11.0 N/A 
 97 0.077 12.1 N/A 
 93 0.098 15.0 N/A 
 89 0.085 15.5 N/A 
 85 0.144 18.2 N/A 
 81 0.171 22.8 N/A 
 77 0.129 20.6 N/A 
 73 0.106 26.6 N/A 
 69 0.154 32.0 N/A 
 65 0.084 28.8 1.09 
 61 0.128 37.0 1.14 
 57 0.105 36.9 1.16 
 53 0.105 43.2 1.32 
 49 0.091 40.5 1.38 
 45 0.071 34.7 1.41 
 40 0.057 32.0 1.47 
 31 0.023 16.4 1.45 
 22 0.007 5.8 1.62 
 13 0.003 2.8 1.76 
 4 0.000 0.2 N/A 
     
x-x1 = 0.300 m     
 y (mm) C F (Hz) V (m/s) 
 169 0.932 3.4 1.26 
 163 0.870 7.2 1.22 
 152 0.782 10.3 1.34 
 147 0.565 14.6 1.11 
 142 0.484 16.5 0.88 
 137 0.319 16.4 1.17 
 132 0.107 10.9 N/A 
 127 0.162 14.2 N/A 
 122 0.036 6.6 N/A 
 117 0.040 7.8 0.72 
 112 0.046 11.2 N/A 
 107 0.038 10.0 N/A 
 102 0.032 10.5 0.79 
 97 0.053 13.8 0.84 
 92 0.049 14.9 0.81 
 87 0.059 15.6 0.84 
 82 0.051 16.6 0.92 
 77 0.051 16.8 0.76 
 72 0.054 19.1 0.98 
 66 0.041 16.8 1.02 
 58 0.037 18.4 0.88 
 52 0.039 20.0 1.08 
 45 0.035 18.6 0.96 
 38 0.027 17.3 1.28 
 30 0.017 11.6 1.24 
 22 0.007 5.6 1.20 
 13 0.004 3.2 1.10 
 4 0.001 0.5 N/A 
     
     
Fr1 = 3.6 Q =  49.0 L/s   
x-x1 = 0.075 m     
 y (mm) C F (Hz) V (m/s) 
 134 0.942 3.9 -1.44 
 127 0.899 8.8 N/A 
 120 0.908 7.9 -1.72 
 113 0.906 9.0 N/A 
 106 0.637 22.9 -1.76 
 99 0.472 27.7 N/A 
 95 0.203 24.9 -1.68 
 91 0.251 25.9 -1.44 
 88 0.405 30.3 N/A 
 85 0.233 27.4 N/A 
 81 0.186 27.5 N/A 
 77 0.226 31.8 N/A 
 73 0.296 33.5 N/A 
 70 0.236 41.2 1.32 
 67 0.245 44.1 1.47 
 64 0.238 49.2 1.68 
 61 0.224 61.6 1.62 
 58 0.221 65.2 1.47 
 55 0.260 73.0 1.66 
 52 0.265 81.5 1.64 
 49 0.171 73.9 1.68 
 46 0.132 66.7 1.70 
 43 0.096 55.3 1.74 
 40 0.076 44.9 1.83 
 35 0.044 32.0 1.74 
 30 0.015 12.9 1.90 
 25 0.008 6.5 1.87 
 20 0.003 2.8 2.06 
 15 0.000 0.4 N/A 
 10 0.001 1.0 2.01 
 4 0.000 0.3 2.01 
     
x-x1 = 0.150 m     
 y (mm) C F (Hz) V (m/s) 
 174 0.998 0.3 N/A 
 164 0.988 1.2 N/A 
96 
 154 0.975 1.9 -1.41 
 144 0.853 10.3 N/A 
 138 0.917 7.5 N/A 
 132 0.891 9.0 -0.95 
 126 0.575 24.0 N/A 
 120 0.374 26.0 -1.72 
 114 0.523 28.2 -1.70 
 108 0.177 23.0 -1.66 
 102 0.150 21.0 N/A 
 96 0.126 21.7 N/A 
 90 0.179 26.3 N/A 
 84 0.194 27.8 N/A 
 78 0.194 33.7 N/A 
 72 0.161 39.7 N/A 
 66 0.135 45.9 1.26 
 60 0.134 49.8 1.37 
 54 0.126 50.7 1.58 
 48 0.112 53.8 1.62 
 42 0.069 42.8 1.64 
 36 0.050 32.2 1.72 
 30 0.024 17.7 2.01 
 24 0.014 12.2 1.78 
 18 0.006 6.9 1.83 
 11 0.002 2.2 1.68 
 4 0.000 0.4 1.98 
     
x-x1 = 0.300 m     
 y (mm) C F (Hz) V (m/s) 
 189 0.983 1.3 N/A 
 179 0.921 5.0 N/A 
 172 0.924 5.2 N/A 
 165 0.849 9.0 N/A 
 158 0.660 17.2 0.95 
 151 0.532 17.7 N/A 
 144 0.420 20.2 N/A 
 137 0.181 18.9 N/A 
 130 0.134 15.1 N/A 
 123 0.079 13.3 N/A 
 116 0.058 12.3 0.91 
 109 0.067 13.3 0.78 
 102 0.058 16.6 N/A 
 95 0.083 22.0 0.88 
 88 0.084 25.5 N/A 
 81 0.081 26.9 0.98 
 74 0.087 32.6 1.24 
 67 0.084 33.5 1.11 
 60 0.088 39.1 1.33 
 53 0.047 27.3 1.31 
 46 0.046 28.4 1.44 
 39 0.038 24.9 1.34 
 32 0.019 14.2 1.16 
 25 0.016 14.3 1.42 
 18 0.009 7.9 1.72 
 11 0.004 4.3 1.64 
 4 0.001 0.9 1.40 
     
x-x1 = 0.450 m     
 y (mm) C F (Hz) V (m/s) 
 212 0.989 1.1 N/A 
 205 0.980 1.6 0.78 
 199 0.965 2.5 N/A 
 193 0.850 7.8 0.92 
 187 0.831 7.6 0.83 
 181 0.696 13.4 0.81 
 175 0.531 14.8 N/A 
 169 0.233 15.5 N/A 
 163 0.166 14.8 N/A 
 157 0.065 9.4 N/A 
 148 0.033 7.3 N/A 
 139 0.032 8.2 N/A 
 130 0.036 9.8 N/A 
 121 0.040 11.3 0.90 
 112 0.037 11.0 1.18 
 103 0.045 15.0 1.11 
 94 0.038 15.0 0.90 
 85 0.043 17.7 1.10 
 76 0.035 16.0 0.92 
 67 0.045 22.1 1.10 
 58 0.035 19.0 1.28 
 49 0.029 17.1 1.08 
 40 0.021 14.8 1.37 
 31 0.012 7.9 1.38 
 22 0.007 5.2 1.48 
 13 0.004 3.6 1.40 
 4 0.000 0.6 N/A 
     
     
Fr1 = 4.4 Q =  54.5 L/s   
x-x1 = 0.150 m     
 y (mm) C F (Hz) V (m/s) 
 184 0.991 1.0 N/A 
 174 0.975 2.5 N/A 
 164 0.925 6.6 N/A 
 159 0.956 4.1 N/A 
 154 0.916 7.3 -1.32 
 149 0.930 5.8 N/A 
 144 0.829 14.6 N/A 
 139 0.880 10.0 -1.62 
 134 0.787 17.4 N/A 
 129 0.541 24.7 N/A 
 124 0.664 24.0 N/A 
 119 0.397 29.5 N/A 
 114 0.606 27.9 N/A 
 109 0.418 30.6 -1.17 
 104 0.193 26.6 -1.13 
 99 0.268 30.2 N/A 
 94 0.167 26.2 N/A 
 89 0.175 33.5 N/A 
 84 0.252 34.9 N/A 
 79 0.195 37.2 N/A 
 74 0.235 49.9 N/A 
 69 0.258 59.0 1.66 
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 64 0.152 59.3 1.68 
 59 0.233 76.9 1.64 
 54 0.161 73.1 1.72 
 49 0.114 66.3 1.87 
 44 0.088 57.9 1.98 
 39 0.073 53.1 1.95 
 34 0.043 38.0 2.16 
 29 0.026 26.0 2.13 
 24 0.012 13.8 2.23 
 19 0.008 9.5 2.09 
 14 0.003 4.1 2.26 
 9 0.001 1.7 N/A 
 4 0.000 0.2 N/A 
     
x-x1 = 0.300 m     
 y (mm) C F (Hz) V (m/s) 
 210 0.990 1.0 N/A 
 200 0.978 2.2 N/A 
 190 0.962 3.0 N/A 
 180 0.906 7.8 N/A 
 174 0.868 9.9 N/A 
 168 0.702 17.3 N/A 
 162 0.683 16.5 N/A 
 156 0.396 23.5 N/A 
 150 0.458 24.5 N/A 
 144 0.169 19.2 N/A 
 138 0.265 24.7 -1.19 
 132 0.136 21.9 -1.34 
 126 0.084 18.0 N/A 
 120 0.054 14.6 N/A 
 114 0.078 18.8 N/A 
 108 0.078 18.8 N/A 
 102 0.089 21.1 1.25 
 96 0.096 25.5 1.42 
 90 0.098 32.0 1.27 
 84 0.145 40.5 1.62 
 78 0.094 35.8 1.28 
 72 0.086 41.2 1.42 
 66 0.085 44.3 1.58 
 60 0.089 48.4 1.64 
 54 0.072 46.8 1.58 
 48 0.047 35.4 1.50 
 42 0.043 37.3 1.78 
 36 0.038 33.7 1.85 
 30 0.029 27.3 2.03 
 24 0.021 20.0 1.98 
 18 0.011 12.5 1.85 
 12 0.007 8.8 1.92 
 6 0.002 2.8 1.83 
     
x-x1 = 0.450 m     
 y (mm) C F (Hz) V (m/s) 
 220 0.969 2.0 0.92 
 210 0.929 4.7 0.98 
 200 0.855 8.2 1.12 
 190 0.688 13.9 N/A 
 184 0.511 18.0 N/A 
 178 0.481 17.2 N/A 
 172 0.240 15.7 1.04 
 166 0.174 14.1 0.64 
 160 0.045 10.2 1.17 
 154 0.053 10.2 N/A 
 148 0.033 9.6 0.40 
 142 0.034 10.6 N/A 
 136 0.038 11.0 N/A 
 130 0.037 11.8 N/A 
 124 0.040 13.7 0.67 
 118 0.045 15.0 0.94 
 112 0.042 15.9 N/A 
 106 0.042 17.7 0.95 
 100 0.046 20.1 1.17 
 94 0.048 23.1 1.02 
 88 0.045 21.9 1.09 
 82 0.049 26.1 1.15 
 76 0.051 28.1 1.55 
 70 0.052 29.4 1.45 
 64 0.042 26.7 1.18 
 58 0.029 22.4 1.47 
 52 0.035 27.2 1.56 
 46 0.026 21.2 1.31 
 40 0.024 20.2 1.68 
 34 0.015 15.5 1.66 
 28 0.017 17.2 1.53 
 22 0.011 11.3 1.51 
 16 0.006 7.6 N/A 
 10 0.005 4.9 1.42 
     
     
Fr1 = 5.1 Q =  62.7 L/s   
x-x1 = 0.150 m     
 y (mm) C F (Hz) V (m/s) 
 179 0.990 1.1 -1.12 
 169 0.980 3.3 N/A 
 159 0.917 8.7 N/A 
 149 0.885 11.1 N/A 
 139 0.867 12.2 N/A 
 129 0.716 22.7 -1.16 
 119 0.541 30.2 N/A 
 112 0.225 28.0 N/A 
 105 0.448 31.1 N/A 
 98 0.253 31.7 N/A 
 91 0.189 31.5 N/A 
 84 0.249 39.3 N/A 
 77 0.224 55.3 1.76 
 70 0.242 66.1 1.98 
 63 0.255 78.0 2.01 
 56 0.251 100.4 1.98 
 49 0.203 106.8 2.16 
 42 0.115 83.2 2.30 
 34 0.062 58.2 2.41 
 27 0.028 31.2 2.54 
 20 0.006 9.2 2.64 
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 13 0.003 4.1 2.37 
 6 0.001 1.8 2.54 
     
x-x1 = 0.300 m     
 y (mm) C F (Hz) V (m/s) 
 224 0.995 0.6 N/A 
 214 0.982 1.9 N/A 
 204 0.908 6.2 N/A 
 194 0.899 7.6 N/A 
 187 0.765 14.4 N/A 
 180 0.852 11.0 N/A 
 173 0.602 21.2 N/A 
 166 0.707 19.4 N/A 
 157 0.358 24.5 N/A 
 152 0.397 24.0 N/A 
 145 0.354 24.4 -1.56 
 138 0.254 27.8 N/A 
 131 0.108 18.2 N/A 
 124 0.111 19.9 N/A 
 117 0.113 24.2 N/A 
 110 0.109 26.0 N/A 
 103 0.116 28.6 N/A 
 96 0.115 36.0 1.44 
 89 0.146 46.5 1.85 
 82 0.155 55.9 1.60 
 75 0.115 58.7 1.55 
 68 0.113 65.8 1.66 
 61 0.192 87.2 1.98 
 54 0.092 66.3 1.85 
 47 0.083 68.8 2.09 
 40 0.079 67.1 2.09 
 33 0.050 52.2 2.19 
 26 0.029 34.9 2.30 
 19 0.015 19.9 2.41 
 12 0.007 9.8 2.41 
 5 0.002 4.1 2.13 
     
x-x1 = 0.450 m     
 y (mm) C F (Hz) V (m/s) 
 244 0.978 2.1 1.44 
 234 0.979 1.8 0.98 
 224 0.939 3.9 N/A 
 214 0.926 5.9 0.57 
 204 0.842 9.5 N/A 
 197 0.709 15.8 N/A 
 190 0.470 22.0 N/A 
 183 0.612 20.2 N/A 
 176 0.399 23.5 N/A 
 169 0.395 25.6 N/A 
 162 0.250 23.8 N/A 
 155 0.082 17.1 N/A 
 148 0.060 15.3 N/A 
 141 0.068 18.0 N/A 
 134 0.060 18.7 1.36 
 127 0.063 21.5 0.86 
 120 0.066 24.4 1.48 
 113 0.081 28.9 1.74 
 106 0.081 33.2 1.26 
 99 0.099 40.8 1.13 
 92 0.068 37.2 1.18 
 85 0.087 43.2 1.37 
 78 0.081 46.6 1.47 
 71 0.068 47.9 1.42 
 64 0.064 49.8 1.68 
 57 0.070 56.9 1.85 
 50 0.055 50.1 1.80 
 43 0.040 42.0 1.95 
 36 0.035 38.7 2.03 
 29 0.028 35.0 2.19 
 22 0.017 21.8 1.95 
 15 0.008 12.0 1.87 
 9 0.004 6.6 2.09 
 4 0.002 2.7 1.76 
     
x-x1 = 0.600 m     
 y (mm) C F (Hz) V (m/s) 
 254 0.984 1.1 0.94 
 244 0.910 4.6 N/A 
 234 0.936 3.9 N/A 
 224 0.831 9.0 N/A 
 214 0.747 12.6 N/A 
 204 0.497 19.6 N/A 
 194 0.408 18.4 1.53 
 184 0.174 18.8 N/A 
 177 0.203 21.4 1.18 
 170 0.044 14.2 0.67 
 163 0.054 15.5 N/A 
 156 0.028 10.2 N/A 
 149 0.046 15.2 1.25 
 142 0.035 13.1 1.02 
 135 0.049 19.3 0.93 
 128 0.058 22.4 1.31 
 121 0.063 24.9 1.21 
 114 0.044 23.4 0.92 
 107 0.043 24.3 0.94 
 100 0.057 29.0 1.16 
 93 0.064 35.3 1.06 
 86 0.047 32.5 1.38 
 79 0.041 32.0 1.42 
 72 0.050 38.1 1.34 
 65 0.050 40.0 1.70 
 58 0.036 32.6 1.55 
 51 0.035 34.1 1.83 
 44 0.029 31.7 1.66 
 37 0.026 28.3 1.70 
 30 0.015 17.6 1.56 
 23 0.013 16.5 1.95 
 16 0.009 11.1 1.72 
 10 0.006 8.0 1.80 
 4 0.002 3.0 1.62 
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Note: N/A: data not available. 
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Appendix G - Turbulence intensity and turbulent time scales in hydraulic jumps 
List of symbols 
Fr1 upstream Froude number; 
Q water discharge (m3/s); 
Tu turbulence intensity; 
Txx auto-correlation integral time scale (s) of the air-water flow: 
( )
∫
=τ=τ
=τ
τ=
0R
0
tip,xxxx
tip,xx
dRT ; 
x longitudinal distance (m) measured from the upstream gate, positive downstream; 
x1 longitudinal distance from the upstream gate to the jump toe (m); 
 
Location: The University of Queensland (Australia) 
Date: September-October 2009 
Experiments by: Y. CHACHEREAU 
Data analysis by: Y. CHACHEREAU 
Experiment 
characteristics: 
Channel: length=3.2m, width=0.50m, slope: horizontal 
Open channel with glass sidewall and PVC bottom, gate elevation=0.036m 
Fr1 = 3.1: Q=0.0446m3/s, x1=1.50m, d1=0.044m, Re=8.9×104 
Fr1 = 3.6: Q=0.049m3/s, x1=1.50m, d1=0.0415m, Re=9.8×104 
Fr1 = 4.4: Q=0.0545m3/s, x1=1.50m, d1=0.0395m, Re=1.1×105 
Fr1 = 5.1: Q=0.0627m3/s, x1=1.50m, d1=0.0395m, Re=1.3×105 
Instrumentation: Double-tip conductivity probe (Ø=0.25mm, Δx=7.12mm). 
Scan rate: 20kHz per probe sensor, sampling duration: 45s 
 
 
Fr1 = 3.1    
x-x1 = 0.040 m    
 y (mm) Tu Txx (ms) 
 58 N/A N/A 
 56 2.30 15.05 
 54 1.87 8.58 
 52 1.99 10.26 
 50 1.58 7.19 
 48 1.45 7.51 
 46 1.23 5.31 
 44 1.32 5.04 
 42 1.18 4.78 
 39 1.19 4.60 
 36 1.44 4.69 
 32 1.07 2.98 
 28 0.49 2.24 
 24 0.79 1.30 
    
x-x1 = 0.075 m    
 y (mm) Tu Txx (ms) 
 72 N/A N/A 
 69 3.06 14.26 
 66 3.31 14.69 
 63 3.81 13.92 
 60 2.30 9.37 
 57 3.24 13.13 
 54 2.12 11.80 
 51 1.78 7.03 
 48 1.29 5.67 
 45 1.30 5.04 
 42 1.24 4.10 
 39 1.16 4.08 
 36 1.43 4.47 
 32 1.07 4.25 
 28 0.74 2.25 
 22 0.99 2.83 
    
x-x1 = 0.150 m    
 y (mm) Tu Txx (ms) 
 77 N/A 14.61 
 73 N/A 9.24 
 69 N/A 12.38 
 65 2.16 7.25 
 61 1.96 8.82 
 57 1.70 6.24 
 53 1.71 5.52 
 49 1.45 4.95 
 45 1.47 5.06 
 40 1.31 4.34 
 31 0.87 3.42 
 22 0.82 2.80 
 13 0.85 2.12 
 4 N/A 0.17 
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x-x1 = 0.300 m    
 y (mm) Tu Txx (ms) 
 122 N/A 11.14 
 117 1.52 10.47 
 112 N/A 6.82 
 107 N/A 7.16 
 102 1.67 4.77 
 97 2.16 9.27 
 92 1.25 5.46 
 87 1.62 6.99 
 82 2.78 5.87 
 77 1.27 5.35 
 72 1.92 6.74 
 66 0.92 4.09 
 58 0.87 3.16 
 52 0.97 3.28 
 45 0.82 3.73 
 38 0.78 2.93 
 30 0.92 2.42 
 22 1.15 2.14 
 13 0.42 1.38 
 4 N/A 0.64 
    
    
Fr1 = 3.6    
x-x1 = 0.075 m    
 y (mm) Tu Txx (ms) 
 73 N/A N/A 
 70 3.56 N/A 
 67 3.38 13.60 
 64 3.89 12.18 
 61 2.65 8.38 
 58 1.85 7.62 
 55 2.06 7.60 
 52 1.83 6.84 
 49 1.60 5.27 
 46 1.34 4.96 
 43 1.52 4.88 
 40 1.63 5.12 
 35 1.36 4.31 
 30 1.32 4.11 
 25 0.90 3.95 
 20 0.75 2.11 
 15 N/A 0.12 
 10 0.36 0.87 
 4 0.21 0.29 
    
x-x1 = 0.150 m    
 y (mm) Tu Txx (ms) 
 84 N/A N/A 
 78 4.89 N/A 
 72 3.65 10.90 
 66 2.00 7.92 
 60 2.15 8.01 
 54 1.99 6.51 
 48 1.63 5.37 
 42 1.48 4.49 
 36 1.66 5.11 
 30 1.39 3.92 
 24 1.24 3.17 
 18 0.84 1.92 
 11 0.27 1.16 
 4 0.03 0.23 
    
x-x1 = 0.300 m    
 y (mm) Tu Txx (ms) 
 116 N/A 10.28 
 109 1.70 12.07 
 102 N/A 7.46 
 95 1.66 9.63 
 88 N/A 9.28 
 81 1.65 6.85 
 74 1.82 6.35 
 67 1.83 6.02 
 60 1.82 6.09 
 53 1.19 3.59 
 46 1.51 3.72 
 39 1.12 3.64 
 32 0.67 2.57 
 25 0.86 2.62 
 18 0.96 2.20 
 11 0.84 1.66 
 4 0.17 1.02 
    
x-x1 = 0.450 m    
 y (mm) Tu Txx (ms) 
 148 N/A 8.54 
 139 0.48 5.42 
 130 1.60 6.02 
 121 0.88 5.12 
 112 2.15 5.91 
 103 N/A 5.02 
 94 1.98 4.86 
 85 1.59 4.77 
 76 0.58 3.44 
 67 1.65 4.50 
 58 1.02 3.15 
 49 1.09 3.10 
 40 0.64 2.57 
 31 0.88 2.27 
 22 0.72 2.03 
 13 0.41 1.70 
 4 0.05 0.57 
    
    
Fr1 = 4.4    
x-x1 = 0.150 m    
 y (mm) Tu Txx (ms) 
 74 N/A 12.03 
 69 3.18 11.05 
 64 2.30 6.90 
 59 2.20 7.20 
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 54 1.92 6.10 
 49 1.95 5.22 
 44 1.55 4.64 
 39 1.56 4.38 
 34 1.24 3.35 
 29 1.00 3.16 
 24 1.26 3.22 
 19 0.78 2.19 
 14 0.80 1.81 
 9 0.71 0.47 
 4 0.01 0.05 
    
    
x-x1 = 0.300 m    
 y (mm) Tu Txx (ms) 
 126 N/A 9.53 
 120 N/A 7.98 
 114 N/A 10.60 
 108 N/A 11.82 
 102 3.79 12.01 
 96 3.52 11.02 
 90 2.39 7.68 
 84 3.28 10.23 
 78 2.03 7.31 
 72 2.22 5.14 
 66 1.84 4.75 
 60 1.92 4.93 
 54 1.60 4.60 
 48 1.24 3.09 
 42 1.39 2.79 
 36 1.16 2.96 
 30 1.21 3.36 
 24 1.08 3.29 
 18 1.10 2.48 
 12 0.65 1.95 
 6 0.34 1.06 
    
x-x1 = 0.450 m    
 y (mm) Tu Txx (ms) 
 160 N/A 12.25 
 154 N/A 12.32 
 148 0.87 6.96 
 142 3.15 7.19 
 136 N/A 7.57 
 130 3.30 7.59 
 124 1.23 5.51 
 118 2.04 5.94 
 112 3.61 4.17 
 106 1.82 4.40 
 100 1.78 4.12 
 94 1.53 3.85 
 88 1.41 3.95 
 82 1.93 3.62 
 76 1.84 3.83 
 70 1.69 3.56 
 64 1.55 3.24 
 58 0.97 2.31 
 52 0.99 2.40 
 46 0.75 2.48 
 40 1.40 3.05 
 34 0.86 1.74 
 28 0.68 1.96 
 22 0.45 1.87 
 16 1.24 1.60 
 10 0.52 1.88 
    
    
Fr1 = 5.1    
x-x1 = 0.150 m    
 y (mm) Tu Txx (ms) 
 84 N/A N/A 
 77 3.88 12.70 
 70 3.24 10.24 
 63 2.87 8.66 
 56 2.13 6.45 
 49 1.90 4.79 
 42 1.84 4.63 
 34 1.40 3.46 
 27 1.42 3.30 
 20 0.90 1.83 
 13 0.46 1.23 
 6 0.41 1.23 
    
x-x1 = 0.300 m    
 y (mm) Tu Txx (ms) 
 110 N/A 13.75 
 103 N/A 12.27 
 96 3.62 9.49 
 89 N/A 11.61 
 82 2.88 8.20 
 75 2.08 6.12 
 68 1.92 5.78 
 61 2.30 6.49 
 54 1.53 4.72 
 47 1.64 3.96 
 40 1.60 3.89 
 33 1.32 3.43 
 26 1.28 3.45 
 19 0.89 2.94 
 12 0.90 3.07 
 5 0.19 1.22 
    
x-x1 = 0.450 m    
 y (mm) Tu Txx (ms) 
 155 N/A 12.08 
 148 N/A 10.02 
 141 N/A 11.11 
 134 2.59 7.47 
 127 0.81 8.52 
 120 4.01 7.10 
 113 4.58 7.53 
 106 1.91 7.06 
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 99 1.96 6.57 
 92 1.77 4.88 
 85 1.96 5.81 
 78 1.62 4.76 
 71 1.43 3.48 
 64 1.45 3.71 
 57 1.66 3.82 
 50 1.38 3.16 
 43 1.14 2.97 
 36 1.11 3.39 
 29 1.16 2.52 
 22 0.85 2.73 
 15 0.48 1.56 
 9 0.82 1.09 
 4 0.35 0.89 
    
x-x1 = 0.600 m    
 y (mm) Tu Txx (ms) 
 177 N/A N/A 
 170 2.13 8.26 
 163 N/A 11.52 
 156 N/A 4.68 
 149 2.02 5.65 
 142 1.58 5.14 
 135 2.80 6.98 
 128 2.42 5.90 
 121 3.75 7.47 
 114 1.28 3.88 
 107 0.87 3.41 
 100 1.36 3.96 
 93 1.10 4.10 
 86 1.17 3.01 
 79 1.26 2.87 
 72 1.03 2.96 
 65 1.38 3.44 
 58 1.12 2.44 
 51 1.41 2.42 
 44 1.22 2.06 
 37 0.99 2.73 
 30 0.80 1.66 
 23 0.87 1.97 
 16 0.58 1.41 
 10 1.23 1.71 
 4 0.72 1.16 
 
 
Note: N/A: data not available. 
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Appendix H - Photographs of air-water flow structures above hydraulic jumps 
The hydraulic jump is a sudden transition from a high-velocity open channel flow to a slower motion. The 
jump is characterised by the development of large-scale turbulence, a significant rate of energy dissipation, 
some spray and splashing, and air bubble entrainment. A hydraulic jump roller includes two distinct air-
water regions: the air-water shear region and the upper free-surface layer above. Most air is entrapped at the 
jump toe/impingement point that is a source of vorticity and of air bubbles. High-shutter speed photographs 
and movies showed the large instantaneous air-water structures projected high above the roller surface 
(CHANSON and CHACHEREAU 2010). The short-lived structures exhibited a wide range of shapes. 
Figure H1 presents a general view of the experimental facility. Figure H2 to H10 show a series of high-
shutter speed photographs aimed to illustrate the short-lived air-water structures projected above the 
hydraulic jump roller. Figure H2 illustrated the roughness of the supercritical flow free-surface. Figure H3 
shows a general view of the jump toe. Figures H4 to H7 presents some photographs looking downstream at 
the jump toe, the impingement perimeter and the associated free-surface discontinuity, and the air-water 
projections above the entrapment point. Figures H8 to H10 shows the air-water structures above the roller, 
looking upstream. 
 
 
Figure H1 - General view of the physical facility with Yann CHACHEREAU in background - Flow from 
right to left - d1 = 0.0412 m, x1 = 1.5 m, Fr1 = 3.46, Re = 0.9×105 - Shutter: 1/50 s at f/4, ISO 400 (after 
CHANSON and CHACHEREAU 2010) 
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Figure H2 -Details of the supercritical flow free-surface upstream of the jump toe - Looking downstream, 
flow from foreground to background, with the jump toe in background - d1 = 0.0395 m, x1 = 1.5 m, Fr1 = 2.7, 
Re = 0.7×105 - Shutter: 1/1,000 s at f/2.8, ISO 100 
 
 
Figure H3 - Details of the jump toe - Looking downstream, flow from foreground to background, with the 
dual-tip probe above the jumps toe - d1 = 0.0405 m, x1 = 1.5 m, Fr1 = 3.84, Re = 0.97×105 - Shutter: 1/100 s 
at f/4.5, ISO 100 
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Figure H4 - Large air-water projections above the hydraulic jump looking downstream towards the jump toe 
and air-water projections immediately above and behind the impingement point - Flow direction from 
foreground to background - Note the large air-water structures projected more than 5d1 above the upstream 
water surface, as well as the diversity of projection shapes - d1=0.0395 m, x1 = 1.5 m, Fr1=5.1, Re =1.3×105 - 
Shutter: 1/180 s at f/2.5, ISO 100 (after CHANSON and CHACHEREAU 2010) 
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(Left) d1 = 0.0395 m, x1 = 1.50 m, Fr1 = 5.1, Re = 1.2×105 - Shutter: 1/180 s at f/2.5, ISO 100 (after 
CHANSON and CHACHEREAU 2010) 
(Right) d1 = 0.0375 m, x1 = 1.50 m, x-x1 = 0.075 m, Fr1 = 6.5, Re = 1.5×105 - Shutter: 1/180 s at f/2.5, ISO 
200 
Figure H5 - Looking downstream at the impingement point and free-surface discontinuity at the jump toe - 
Flow from foreground to background - Note the air-water projections, ejected water droplets and water 
surface discontinuity above the impingement perimeter (bottom) 
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Figure H6 - Looking downstream at the impingement point, the free-surface discontinuity at the jump toe 
and the water ejections - Flow from foreground to background - d1 = 0.0405 m, x1 = 1.50 m, x-x1 = 0.075 m, 
Fr1 = 4.3, Re = 1.1×105 - Shutter: 1/80 s at f/4, ISO 100 
 
 
Figure H7 - Looking downstream at the impingement point, the free-surface discontinuity at the jump toe 
and water ejections above the plunge point - Flow from foreground to background - d1 = 0.0405 m, x1 = 1.50 
m, x-x1 = 0.075 m, Fr1 = 4.3, Re = 1.1×105 - Shutter: 1/180 s at f/2.5, ISO 100 
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Figure H8 - Water ejections and droplets above the hydraulic jump roller, looking upstream towards the 
jump toe - Flow from background to foreground - Note the foamy structures in the foreground - d1 = 0.0385 
m, x1 = 1.50 m, x-x1 = 0.075 m, Fr1 = 5.27, Re = 1.2×105 - Shutter: 1/180 s at f/5.8, ISO 100 
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Figure H9 - Water ejections and droplets above the hydraulic jump roller, looking upstream towards the 
jump toe - Flow from background to foreground - d1 = 0.0385 m, x1 = 1.50 m, x-x1 = 0.075 m, Fr1 = 5.27, Re 
= 1.2×105 - Shutter: 1/180 s at f/5.8, ISO 100 
 
 
Figure H10 - Large air-water ejections above the hydraulic jump roller, looking upstream towards the jump 
toe - Flow from background to foreground - d1 = 0.0395 m, x1 = 1.50 m, Fr1 = 5.1, Re = 1.2×105 - Shutter: 
1/1,000 s at f/2.8, ISO 100 
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Appendix I - Characteristic air-water flow properties in hydraulic jumps 
In hydraulic jumps with partially-developed inflow conditions, the experimental data demonstrated 
conclusively that the void fraction distributions exhibited a characteristic shape in the developing shear layer 
with a local maximum in void fraction (RESCH and LEUTHEUSSER 1972, THANDAVESWARA 1974, 
CHANSON 1995). The shape is sketched in Figure I1 (Top Right). The air bubble entrainment is localised at 
the intersection of the impinging water jet with the roller, and the air is entrapped locally at the jump toe 
(Fig. I1, Top Left). The impingement perimeter is a source of air bubbles, as well as a source of vorticity. In 
the developing air-water layer, the distributions of bubble count rate and interfacial velocity had some 
characteristic shapes shown in Figure I1 (Bottom). 
Four experiments were performed with inflow Froude numbers between 3.1 and 5.1 corresponding to 
Reynolds numbers between 8.9×104 and 1.3×105. Table I-1 summarises the experimental conditions. For 
each experiment, the characteristic air-water flow properties are presented in Table I-2. 
 
Table I-1 - Experimental investigation of air-water flow properties in hydraulic jumps (present study) 
 
Q 
(m3/s) 
B 
(m) 
h 
(m) 
x1 
(m) 
d1 
(m) 
δ 
(m) 
Fr1 Re x - x1 
(m) 
0.0446 0.5 0.036 1.50 0.0440 0.0051 3.1 8.9×104 0.040 
0.075 
0.150 
0.300 
0.0490 0.5 0.036 1.50 0.0405 0.0055 3.8 9.8×104 0.075 
0.150 
0.300 
0.450 
0.0545 0.5 0.036 1.50 0.0395 0.0184 4.4 1.1×105 0.150 
0.300 
0.450 
0.0627 0.5 0.036 1.50 0.0395 0.0156 5.1 1.3×105 0.150 
0.300 
0.450 
0.600 
 
Note: Q: flow rate; B: channel width; h: gate elevation; x1: longitudinal position of the jump toe; d1: water 
depth immediately upstream of the jump (at x = 1.4 m); δ: inflow boundary layer thickness (at x = 1.4 m); 
Fr1: upstream Froude number; Re: Reynolds number; x: longitudinal position of the investigated cross-
sections 
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Figure I1 - Sketch of air entrainment in hydraulic jumps with partially-developed inflow conditions - Vertical 
distributions of void fraction (Top right), bubble count rate (Bottom left) and time-averaged velocity (Bottom 
right) 
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Table I-2 - Characteristic air-water flow properties in hydraulic jumps (Present study) 
 
Run B Q d1 Fr1 Re x1 x-x1 Cmax yCmax y* Cy* 
 m m3/s m   m m  mm mm  
090923 0.5 0.0627 0.0395 5.10 1.2E+05 1.5 0.15 0.255 63.0 91.0 0.189 
090922       0.3 0.155 82.0 131.0 0.108 
090922       0.45 0.099 99.0 148.0 0.060 
090923       0.6 0.064 93.0 156.0 0.028 
090918 0.5 0.0545 0.0395 4.43 1.1E+05 1.5 0.15 0.258 69.0 94.0 0.167 
090917       0.3 0.145 84.0 120.0 0.054 
090916       0.45 0.052 70.0 148.0 0.033 
090925 0.5 0.0490 0.0405 3.84 9.7E+04 1.5 0.075 0.265 53.5 81.0 0.186 
090924       0.15 0.194 84.0 96.0 0.126 
090924       0.3 0.087 74.0 116.0 0.058 
090925       0.45 0.045 67.0 148.0 0.335 
090929 0.5 0.0446 0.0441 3.08 8.9E+04 1.5 0.04 0.360 58.0 73.0 0.305 
090929       0.075 0.309 54.0 84.0 0.210 
090928       0.15 0.171 81.0 97.0 0.077 
090928       0.3 0.059 87.0 107.0 0.038 
 
Run Fr1 x-x1 Fmax yFmax CFmax F2 yF2 CF2 Vmax yVmax y0.5 Vrecirc 
  m Hz mm  Hz mm  m/s mm mm m/s 
090923 5.10 0.15 106.76 49.0 0.203 30.16 119.0 0.541 2.64 20.0 92.7 -1.16 
090922  0.3 87.16 61.0 0.192 27.80 138.0 0.254 2.41 16.0 107.7 -1.56 
090922  0.45 56.91 57.0 0.070 25.64 169.0 0.395 2.19 29.0 -- none 
090923  0.6 40.02 65.0 0.050 21.40 177.0 0.203 1.95 23.0 -- none 
090918 4.43 0.15 76.89 59.0 0.233 30.56 109.0 0.418 2.26 14.0 79.4 -1.62 
090917  0.3 48.38 60.0 0.089 24.73 138.0 0.265 2.03 30.0 109.2 -1.34 
090916  0.45 29.36 70.0 0.524 18.02 184.0 0.511 1.70 112.0 -- none 
090925 3.84 0.075 81.53 52.0 0.265 30.33 88.0 0.404 2.06 20.0 75.0 -1.76 
090924  0.15 53.82 48.0 0.112 28.20 114.0 0.523 2.01 30.0 84.9 -1.41 
090924  0.3 39.09 60.0 0.879 20.20 144.0 0.420 1.72 -- -- none 
090925  0.45 22.09 67.0 0.045 15.47 169.0 0.233 1.48 -- -- none 
090929 3.08 0.04 63.33 48.0 0.241 32.67 76.0 0.414 1.96 24.0 65.6 -1.23 
090929  0.075 50.13 54.0 0.309 29.47 90.0 0.370 1.75 36.0 76.3 -1.09 
090928  0.15 43.16 53.0 0.105 21.11 112.0 0.371 1.76 13.0 79.7 -1.06 
090928  0.3 20.02 52.0 0.039 16.47 142.0 0.484 1.28 38.0  none 
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Run Fr1 x-x1 d y90 Cmean 
  m mm mm  
090923 5.10 0.15 96.3 153.6 0.373 
090922  0.3 139.3 194.6 0.284 
090922  0.45 164.3 210.9 0.221 
090923  0.6 185.9 230.6 0.194 
090918 4.43 0.15 103.3 147.5 0.300 
090917  0.3 141.8 179.1 0.208 
090916  0.45 168.2 206.1 0.184 
090925 3.84 0.075 84.0 112.8 0.255 
090924  0.15 104.2 134.1 0.223 
090924  0.3 136.3 169.8 0.197 
090925  0.45 165.7 195.6 0.153 
090929 3.08 0.04 74.8 98.8 0.243 
090929  0.075 80.1 112.4 0.288 
090928  0.15 109.0 146.9 0.258 
090928  0.3 134.6 165.9 0.188 
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